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Disposition of Claims 

4) 0 Claim(s) 119-139 is/are pending in the application. 

4a) Of the above claim(s) 113-118 is/are withdrawn from consideration. 
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OET AILED ACTION 

1. Claims 119-139 are pending. 

Claims 113-118 are not entered. Applicants are required to provide a corrected list of all 
the pending claims in their new application. Appropriate correction is required. 
Claims 1 19-139 are under consideration. 

Claim Objections 

2. Claims 119, 120, 121, 124, 125, 126, 127, 132 and 136 are objected to because of the 
following informalities: 

Claim 125 and 126 are duplicates of claims 120 and 121. Appropriate correction is 
required, 

Claims 119, 124, 127, 132, and 136 are objected because the phrase "operatively 
coupled to" is not a recognized art term for a construct composition 

Specification 

3. The disclosure is objected to because of the following informalities: 

In the specification page 1 under prior related applications, Applicant fail to incorporate 
in line 2 the issued date of the patent number 6716824. Appropriate correction is required. 

Double Patenting 

4. The nonstatutory double patenting rejection is based on a judicially created 
doctrine grounded in public policy (a policy reflected in the statute) so as to prevent the 
unjustified or improper timewise extension of the "right to exclude" granted by a patent and to 
prevent possible harassment by multiple assignees. A nonstatutory obviousness-type double 
patenting rejection is appropriate where the conflicting claims are not identical, but at least one 
examined application claim is not patentably distinct from the reference claim(s) because the 
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examined application claim is either anticipated by, or would have been obvious over, the 
reference claim(s). See, e.g., In re Berg, 140 F.3d 1428, 46 USPQ2d 1226 (Fed. Cir. 1998); In 
re Goodman, 11 R3d 1046, 29 USPQ2d 2010 (Fed. Cir. 1993); In re Longi, 759 F.2d 887, 225 
USPQ 645 (Fed. Cir. 1985); In re Van Ornum, 686 F 2d 937, 214 USPQ 761 (CCPA 1982); In re 
Vogel, 422 F.2d 438, 164 USPQ 619 (CCPA 1970); and In re Thorington, 418 F.2d 528, 163 
USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CFR 1.321(c) or 1.321(d) may be 
used to overcome an actual or provisional rejection based on a nonstatutory double patenting 
ground provided the conflicting application or patent either is shown to be commonly owned with 
this application, or claims an invention made as a result of activities undertaken within the scope 
of a joint research agreement. 

Effective January 1 , 1 994, a registered attorney or agent of record may sign a terminal 
disclaimer. A terminal disclaimer signed by the assignee must fully comply with 37 CFR 3.73(b). 



Claims 119-121, 123-129, 131-134, 136-139 are rejected on the ground of nonstatutory 
obviousness-type double patenting as being unpatentable over claims 1-3 of U.S. Patent No. 
U.S. 6,716,824. Although the conflicting claims are not identical, they are not patentably distinct 
from each other because both sets of claims embrace treatment of pancreatic tumor cells in a 
subject comprising administering to a subject a nucleic acid vector with insulin promoter SEQ ID 
NO: 1 operatively coupled to a cytotoxic gene wherein the cytotoxic gene in expressed in a 
pancreatic tumor cell and a prodrug. The breadth of the scope of the claims recited in the 
instant application is very broad and includes any route of administration of the claimed vector 
and a prodrug and obviously encompasses the route of direct administration as embraced by 
the claims 1-3 of U.S. Patent No. U.S. 6,716,824. 



Claim Rejections - 35 USC § 112 

5. The following is a quotation of the first paragraph of 35 U.S.C. 1 1 2: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claims 119, 124, 127, 132 and 136 are rejected under 35 U.S.C. 112, first paragraph, as failing 
to comply with the written description requirement. The claim(s) contains subject matter which 
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was not described in the specification in such a way as to reasonably convey to one skilled in 
the relevant art that the inventor(s), at the time the application was filed, had possession of the 
claimed invention. 

When the claims are analyzed in light of the specification, instant invention 
encompasses any cytotoxic gene wherein the cytotoxic gene is expressed in a pancreatic tumor 
cell in a subject. The specification describes that the present invention is directed to an RIP-tk 
(rat insulin promoter thymidine kinase) construct that targets pancreatic cells (specification p 7). 
In analyzing whether the written description requirement is met for the genus claims, it is first 
determined whether a representative number of species have been described by their complete 
structure. In the instant case, the specification does not provide any disclosure as to what 
would have been the complete structure of a representative number of cytotoxic genes either 
within one species or among different species necessary to target pancreatic tumor cells in a 
subject. While the specification on page 7 lists thymidine kinase as an example, the 
specification does not provide any disclosure of the structure of any other species of the claimed 
genus. 

Next, then it is determined whether a representative number of species have been 
sufficiently described by other relevant identifying characteristics, for example other than motif 
structure, specific features and functional characteristics that would distinguish different 
members of the claimed genus. In the instant case, the specification fails to describe any 
identifying characteristics of a cytotoxic gene which will distinguish different species. The 
specification while listing thymidine kinase as an example of the cytotoxic genes does not 
provide guidance whether other species of the genus will have any characteristics similar to or 
different from thymidine kinase. 
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In conclusion, this limited information is not deemed sufficient to reasonably convey to 
one skilled in the art that the Applicant is in possession of the cytotoxic gene that will kill a 
pancreatic tumor cell at the time of the application was filed. Thus it is concluded that the 
written description requirement is not satisfied for the claimed genus. 

Claim Rejections - 35 USC §112 

6. The following is a quotation of the first paragraph of 35 U.S.C 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claims 1 19-139 are rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for a method of treating pancreatic adenocarcinoma in a 
subject comprising directly administering to a subject a nucleic acid comprising a vector with an 
insulin promoter having SEQ ID NO: 1 operably linked to a cytotoxic gene, wherein the cytotoxic 
gene is thereby expressed in a pancreatic adenocarcinoma cell wherein administering a prodrug 
to said subject, wherein the prodrug is converted to a cytotoxic compound by the action of the 
protein encoded by said cytotoxic gene and thereby killing the pancreatic adenocarcinoma cell 
wherein the cytotoxic gene is thymidine kinase gene wherein the prodrug is acyclovir, 
ganciclovir, FIAU or 6-methoxypurine arabinoside, does not reasonably provide enablement for 
treating a pancreatic tumor in a subject by the way of the claimed method in the instant 
application. The specification does not enable any person skilled in the art to which it pertains, 
or with which it is most nearly connected, to make and use the invention commensurate in 
scope with these claims. 

Claims 1 19-123 are directed to a method of killing a pancreatic tumor cell in a subject by 
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administering a nucleic acid vector with an insulin promoter SEQ ID NO: 1 operatively coupled 
to a cytotoxic gene wherein the cytotoxic gene is expressed in a tumor cell that does not 
express insulin in combination with a prodrug. 

Claims 124-126 are directed to a method of treating pancreatic tumor cells in a subject 
by administering a nucleic acid vector with an insulin promoter SEQ ID NO: 1 operatively 
coupled to a cytotoxic gene wherein the cytotoxic gene is expressed in a PDX-1 positive 
pancreatic tumor cell in combination with a prodrug. 

Claims 127-131 are directed to a method of killing a pancreatic tumor cell in a subject by 
administering a nucleic acid vector with an insulin promoter SEQ ID NO: 1 operatively coupled 
to a cytotoxic gene wherein the cytotoxic gene is expressed in a pancreatic tumor cell in 
combination with a prodrug. 

Claims 132-135 are directed to a method of killing a tumor cell in a subject by 
administering an adenoviral vector with an insulin promoter SEQ ID NO: 1 operatively coupled 
to a cytotoxic gene wherein the cytotoxic gene is expressed in a tumor cell expressing PDX-1 in 
combination with a prodrug. 

Claims 136-139 are directed to a method of killing a PDX-1 expressing tumor cell in a 
subject by administering a nucleic acid vector with an insulin promoter comprising multiple 
copies of SEQ ID NO: 2 operatively coupled to multiple copies of SEQ ID NO: 3 or 4 wherein 
insulin promoter operatively coupled to a cytotoxic gene wherein the cytotoxic gene is 
expressed in PDX-1 expressing tumor cell in combination with a prodrug. 

In determining whether a specification is enabling, one considers whether the claimed 
invention provides sufficient guidance to make and use the claimed invention, if not, whether an 
artisan would have required undue experimentation to make and use the claimed invention and 
whether working examples have been provided. When determining whether a specification 
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meets the enablement requirements, some of the factors that need to be analyzed are; the 
breadth of the claims, the nature of the invention, the state of the art, the level of one of ordinary 
skill, the level of predictability in the art, the amount of direction provided by the inventor, the 
existence of working examples, and whether the quantity of any necessary experimentation to 
make or use the invention based on the disclosure is "undue" (In re Wands, 858 F.2d 731 , 737, 
6 USPQ2d 1400, 1404 (Fed Cir. 1988)). Furthermore, USPTO does not have laboratory 
facilities to test if an invention will function as claimed when working examples are not disclosed 
in the specification, therefore, enablement issues are raised and discussed based on the state 
of knowledge pertinent to an art at the time of the invention, therefore, skepticism raised in the 
enablement rejections are those raised in the art by artisans of expertise. 

These factors are analyzed, in turn, and demonstrate that one of ordinary skill in the art 
will need to perform "undue experimentation" to make and/or use the invention and therefore, 
applicant's claims are not enabled. 

The specification describes that the present invention is directed to selective targeting of 
pancreatic cells with cytotoxic genes using promoter driven specific cytotoxic genetic constructs 
and transcription factors, and to methods for using these constructs and transcription factors to 
treat cancer and other diseases (specification p 7). The specification more specifically further 
describes that the present invention is directed to an RIP-tk (rat insulin promoter-thymidine 
kinase) construct that selectively targets insulin secreting cells, such as beta cells and certain 
human pancreatic ductal carcinoma cells (PDX-1 positive), to cause death (specification p 7). 

While the specification provides teachings pertaining to the ability of RIP-tk suicide gene 
to target PDX-1 positive human pancreatic ductal carcinoma cells (PANC-1 and CAPAN-1 cells) 
in vitro and in vivo, and further the cell specific cytotoxicity of human pancreatic ductal 
carcinoma cells can be achieved using a RIP-tk construct and ganciclovir GVC in vitro and as 
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well as in in vivo transduced pancreatic tumors using an immunodefficient animal mouse model 
(specification p 12 and examples 2-4, and figure 8), the specification fails to provide any 
relevant teachings or specific guidance and/or working examples with regard to: (a) killing of a 
pancreatic tumor cell that does not express insulin in a subject by administering a construct with 
an insulin promoter having SEQ ID NO:1 operatively linked to a cytotoxic gene and a prodrug; 

(b) treating a PDX-1 positive pancreatic tumor cell in a subject by administering a construct with 
an insulin promoter having SEQ ID NO:1 operatively linked to a cytotoxic gene and a prodrug 

(c) killing a pancreatic tumor cell in a subject by administering a construct with an insulin 
promoter having SEQ ID NO:1 operatively linked to a cytotoxic gene and a prodrug; (d) killing a 
PDX-1 positive tumor cell in a subject by administering an adenoviral vector with an insulin 
promoter having SEQ ID NO:1 operatively linked to a cytotoxic gene and a prodrug; and (e) 
killing a PDX-1 positive tumor cell in a subject by administering to a subject a vector with an 
insulin promoter having SEQ ID NO:2 operatively linked to multiple copies of SEQ ID NO: 3 or 
4, said insulin promoter operatively linked to a cytotoxic gene and a prodrug. Thus, as 
enablement requires the specification to teach how to make and use the claimed invention, the 
specification fails to enable the claimed methods for killing a pancreatic tumor cell. It would 
have required undue experimentation to make and use the claimed invention without a 
reasonable expectation of success. 

The claims are directed to methods of killing or treating pancreatic tumor cells in a 
subject by producing a cytotoxic protein in specific pancreatic tumor cells and clearly fall into the 
realm of gene therapy. The specification has contemplated killing or treating pancreatic tumor 
cells using the suicide gene thymidine kinase coupled to an insulin promoter such as the rat 
insulin promoter followed by treating or administering to the individual an effective amount of 
GVC, acyclovir, FIAU or 6-methoxypurine arabinoside in an amount sufficient to kill or treat 
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pancreatic tumors (specification p 17-25). The specification also contemplated that the 
cytotoxic effect may be enhanced by upregulating transcription of RIP-tk, such as for example, 
addition of factors that upregulate transcription of RIP-tk as for example SEQ ID NO: 3 or 4 
(specification p 19). Since the instant specification has failed to provide specific guidance or 
working examples correlating to killing or treating pancreatic tumor cells in a subject one of skill 
in the art could not rely on the state of the gene therapy art to treat any pancreatic tumor cell in 
a subject by way of the claimed methods. This is because the art of gene therapy is an 
unpredictable art with respect cell targeting, levels of expression of a therapeutic protein 
necessary to provide therapy, and mode of administration of the therapeutic gene. These 
issues are discussed by experts in the field of gene therapy while reviewing the state of the art 
of gene therapy. Verma et al, (Nature, 389: 239-242, 1998) stated that in gene therapy practice 
considerable problems have been emerged such as the problem of the inability to deliver genes 
efficiently and to obtain sustained gene expression (p 239). Anderson (Nature, 392: 25-30, 
1998) states that there is still no conclusive evidence that a gene-therapy protocol has been 
successful in the treatment of a human disease (p 25, 1 st column) and concludes, "Several 
major deficiencies still exist including poor delivery system, both viral and no-viral, and poor 
gene expression after genes are delivered" (p 30). Applicant's claims do recite adenoviral 
mediated gene delivery of the cytotoxic gene into a tumor cell expressing PDX-1 . The 
specification however, has not provided any specific guidance or teachings with regard to killing 
a tumor cell in a subject via adenoviral mediated cytotoxic gene expression encompassed by 
the claims. The specification does not provide guidance and/or working examples for killing a 
tumor cell in a subject with a tumor cell expressing PDX-1 by administering adenovirus carrying 
SEQ ID NO: 1 where the transgene is expressed at levels sufficient and a prodrug to kill target 
tumor cell by systemic administration. At the time of the instant application, Romano, (Stem 
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Cells, 17: 191-202, 1999) while reviewing the state of the art of adenoviral vectors noted that 
while adenoviral vectors can infect nondividing cells there is a need for improvement of 
adenoviral vector design to deal with the problem of immunogenicity (p 197). While progress 
has been made in recent years for gene transfer in vivo, vector targeting to desired tissues in 
vivo continues to be unpredictable and inefficient as supported by numerous teachings available 
in the art. For example, Romano et al, (Stem Cells, 18: 19-39, 2000) review the latest 
development in gene transfer technology and noted that despite the latest significant 
achievements reported in vector design, it is not possible to predict to what extent gene 
therapeutic interventions will be effective in patients, and in what time frame (abstract). 
Romano, (Stem Cells, 17: 191-202, 1999) indicate also that gene delivery systems need to be 
optimized in order to achieve effective therapeutic interventions (abstract). Numerous factors 
complicate the gene delivery art which would not have been shown to be overcome by routine 
experimentation. These include, the fate of the DNA vector itself (volume of distribution, rate of 
clearance into the tissues, etc.), the in vivo consequences of altered gene expression and the 
protein function, the fraction of vector taken up by the target population, the trafficking of the 
genetic material within cellular organelles, the rate of degradation of the DNA, the level of 
mRNA produced, the stability of the mRNA produced, the amount and stability of the protein 
produced, and the protein's compartmentalization within the cell, or its secretory fate, once 
produced. These factors differ dramatically based on the vector used and the protein produced. 
While progress has been made in recent years for the in vivo gene transfer, vector targeting in 
vivo to desired organs continuous to be unpredictable and inefficient. This is supported by 
numerous teachings in the art. Deonarain (1998, Exp Opin Ther Patents, 8: 53-69, 1998) 
indicate that one of the biggest problems hampering successful gene therapy is the "ability to 
target a gene to a significant population of cells and express it at adequate levels for a long 
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enough period of time" (p 53, 1st paragraph). Deonarain reviews new techniques under 
experimentation in the art, which shows promise but states that such techniques are even less 
efficient than viral gene delivery (p 65, 1 st paragraph). Verma reviews vectors known in the art 
for use in gene therapy and discusses problems associated with each type of vector. The 
teachings of Verma indicate a resolution to vector targeting has not been achieved in the art 
(see entire article), Verma also teaches appropriate regulatory elements may improve 
expression, but it is unpredictable what tissues such regulatory elements target (p 240). In the 
instant case the specification does not teach as to how to nucleic acid vector having SEQ ID 
NO: 1 , 2, 3 or 4 operatively coupled to cytotoxic gene will be directed to a pancreatic tumor cell 
in a subject and whether sufficient amount of the cytotoxic gene product could be produced to 
kill a pancreatic tumor cell in a subject. Furthermore, the specification fails to provide any 
guidance and/or working examples as to what doses of the claimed nucleic acid vectors will be 
administered to target a nucleic acid vector to pancreatic tumor cells other than the site of 
administration. The specification fails to teach one of skill in the art how to overcome the 
unpredictability for vector targeting such that efficient gene transfer is achieved by either 
systemic administration or direct administration at the site of the pancreatic tumor cell as 
claimed in the instant application. It should be noted that although as stated above some 
publication dates of these cited references is prior to the filing date of the instant application, the 
issues regarding the unpredictability of gene therapy remain the same and have not be resolved 
by the guidance provided by the instant specification. 

With regard to cytotoxic gene and a prodrug mediated gene therapy for killing or treating 
a pancreatic tumor cells in a subject as contemplated by the instant specification, the state of 
the art of a cytotoxic gene and a prodrug mediated gene therapy in pancreatic cancer suggests 
that while some progress has been made to date there are issues that remain, which make the 
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treatment of pancreatic cancer by cytotoxic gene and a prodrug mediated gene therapy 
unpredictable. Nasu et al, (Mol Urol, 4(2): 67-71 , 2000) noted that viral-mediated transfer of the 
herpes simplex virus thymidine kinase (HSV-tk) gene has been demonstrated by several 
investigators to confer sensitivity to nucleoside analogs such as ganciclovir (GCV) in a variety of 
tumor cells including pancreas, however, it is still in the early stage of its development, with a 
number of problems to be overcome such as systemic delivery, specific introduction, and 
specific expression of the target gene are the major issues to be managed in order to establish 
a relevant treatment (abstract). MacKenzie (Lancet Oncology, 5: 541-49,2004) wile reviewing 
the state of the art of gene therapy in pancreatic adenocarcinoma noted that suicide-gene 
therapy has produced variable results in animal studies on pancreatic cancer and while some 
studies showed that suicide-gene treatment decreased survival of tumor cells in vitro and in vivo 
however, other studies have not confirmed the efficacy of suicide genes in pancreatic cell lines 
(p 542, 2 nd column under suicide gene therapy). MacKenzie also noted that although suicide 
gene approach has not been assessed in patients with pancreatic cancer, results from other 
tumor sites have not been encouraging (p 542, 2 nd column under suicide gene therapy). Fogar 
et al, (EJSO, 29: 721-730, 2003) noted that suicide gene therapy with HSV-tk did not confer 
GCV sensitivity to pancreatic cancer in vivo and different pancreatic cancer cell lines cause 
different growth effects and metastasis patterns after inoculation into SCID mice (abstract). 
Fogar et al, (Cell Mol Biol, 51(1): 61-76, 2005) even three years later while reviewing killer 
genes in pancreatic cancer therapy and among them the use of suicide genes (HSV-tk and CD 
for oancreatic cancer gene therapy in vitro and in vivo noted that the lack of a 100% effect for 
any studied strategy considered alone, indicates the need for combined therapies to achieve a 
satisfactory treatment of pancreatic tumor (abstract). 

In light of the above, it appears that the state of the art is suggesting that cytotoxic gene 
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and prodrug gene therapy in pancreatic tumor cells might be feasible in the future. The instant 
specification does not provide any relevant teachings, specific guidance, or working examples 
for overcoming the limitations of cytotoxic gene and prodrug gene therapy in pancreatic tumor 
cells raised by the state of the art. Therefore, the skilled artisan would conclude that the state of 
art of cytotoxic and prodrug gene therapy in pancreatic tumor cells is undeveloped and 
unpredictable at best. Given the lack of guidance provided by the instant specification, it would 
have required undue experimentation to practice the invention as claimed for killing pancreatic 
tumor cells by cytotoxic gene and prodrug gene therapy without a reasonable expectation of 
success. 

Therefore, in view of the quantity of experimentation necessary to determine the 
parameters listed above for the cytotoxic gene and prodrug killing of a pancreatic tumor cell in a 
subject, the lack of direction or guidance provided by the specification for the cytotoxic gene and 
prodrug killing of a pancreatic tumor cell in a subject, the absence of working examples that 
correlate to the cytotoxic gene and prodrug killing of a pancreatic tumor cell in a subject, the 
unpredictable state of the art with respect to the cytoxic gene and prodrug gene therapy, and in 
particular in pancreatic tumor cells, the undeveloped state of the art pertaining to the cytotoxic 
gene and prodrug killing of a pancreatic tumor cell in a subject, and the breadth of the claims 
directed to the cytotoxic gene and prodrug killing of a pancreatic tumor cell that does not 
express insulin or a pancreatic tumor cell that express PDX-1 or any pancreatic tumor cell in a 
subject, and also the breadth of the claims directed to cytotoxic gene vectors comprising SEQ 
ID NO: 1 or SEQ ID NO: 2 or SEQ ID NO: 3, it would have required undue experimentation for 
one skilled in the art to make and/or use the claimed invention. 

Conclusion 
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7. No claim is allowed. 

Any inquiry concerning this communication or earlier communications from the examiner 
should be directed to Magdalene K. Sgagias whose telephone number is (571) 272-3305. The 
examiner can normally be reached on Monday through Friday from 9:00 am to 5:00 pm. If 
attempts to reach the examiner by telephone are unsuccessful, the examiner's supervisor, Ram 
R Shukla, can be reached on (571) 272-0735. The fax phone number for the organization 
where this application or proceeding is assigned is (703) 872-9306. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) or Public PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov . Should you have questions on access to private PAIR 
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll free). 



Magdalene K. Sgagias, Ph.D. 
Patent Examiner 
Art Unit 1632 
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Gene therapy — 
promises, problems 
and prospects 



Inder M. Verma and Nlkunj Somla 



In principle, gene therapy is simple: putting corrective genetic material 
into cells alleviates the symptoms of disease. In practice, considerable 
obstacles have emerged. But, thanks to better delivery systems, there 
is hope that the technique will succeed. 



In 1990, the first clinical trials for gene- 
therapy approaches to combat disease 
were carried out. Conceptually* the tech- 
nique involves identifying appropriate DNA 
sequences and cell types, then developing 
suitable ways in which to get enough of 
the DNA into these cells. With efficient deliv- 
ery, the therapeutic prospects range from 
tackling genetic diseases and slowing the 
progression of tumours, to fighting viral 
infections and stopping neurodegenerative 
diseases. But the problems — such as I he lack 
of efficient delivery systems, lack of sustained 
expression, and host immune reactions — 
remain formidable challenges. 

Although more than 200 clinical trials 
are currently underway worldwide, with 
hundreds of patients en rolled, there is still no 
single outcome that we can point to as a suc- 
cess story. To explore why this is the case, we 
will use our own experience and other exam- 
ples to look at the many technical, logistical 
and, in some cases, conceptual hurdles that 
need to be overcome before gene therapy 
becomes routine practice in medicine. 

At present, gene therapy is being 
contemplated only on somatic (essentially, 
non-reproductive) cells. Although many 
somatic tissues can receive therapeutic 
DNA, the choice of cell usually depends on 
the nature of the disease. Sometimes a clear 
definition of the target cell is needed. l"or 
example, the gene that is defective in cystic 
fibrosis has been identified, and clinical 
trials to deliver DNA as an aerosol into the 
lung have already begun'. Although cystic 
fibrosis is manifest in this organ, il is still not 
clear that delivery of a correcting gene by 
this method will reach the right type of cell. 
On the other hand, to correct blood-clot- 
ting disorders such as haemophilia, all that 
is needed is a therapeutic level of clotting 
protein in the plasma 2 . This protein maybe 
supplied by muscle or liver cells, fibroblasts, 
or even blood cells 3 " 5 . The choice of tissue in 
which to express the therapeutic protein 
will also ultimately depend on considera- 
tions such as the efficiency of gene deliv- 
ery, protein modifications* immunological 



status, accessibility and economics. 

We also need to consider how much of the 
therapeutic protein should be delivered. In 
haemophilia B, which is caused by a deficien- 
cy of a blood-clotting protein called factor 
IX, giving patients just 5% of the normal cir- 
culating levels of this protein can substan- 
tially improve theirqualityoflife\ Most peo- 
ple have about 5 jig of factor IX per millilitrc 
of plasma, produced by the 10 M cells that 
make up the liver. So we need to deliver a 
correcting gene to 5 x 10" cells — that is, 
5% of liver cells. Alternatively, fewer liver 
cells would need to be modified if more fac- 
tor IX could be produced per cell, without 
being deleterious. In the brain, however, 
gene transfer to just a few hundred cells 



could considerably benefit patients with 
neurological disease. And finally, we can 
consider the transfer of genes to a handful of 
stem (or progenitor) cells, which grow and 
divide to generate millions of progeny. The 
range in the number of cells that this technol- 
ogy has to cover is vast. 

The Achilles heel of gene therapy is gene 
delivery, and this is the aspect that we will 
concentrate on here. Thus far, the problem 
has been an inability to deliver genes effi- 
ciently and to obtain sustained expression. 
There arc two categories of delivery vehicle 
('vector'). The first comprises the non-viral 
vectors, ranging from direct injection of 
DNA to mixing the DNA with polylysine or 
cationic lipids that allow the gene to cross 
the cell membrane. Most of these approaches 
suffer from poor efficiency of delivery and 
transient expression of the gene 6 . Although 
there are reagents that increase the efficiency 
of delivery, transient expression of the 
transgene is a conceptual hurdle that needs 
to be addressed. 

Most of the current gene-therapy 
approaches make use of the second category 
— viral vectors. Importantly, the viruses 
used have all been disabled of any pathogenic 
effects. The use of viruses is a powerful tech- 
nique, because many of them have evolved a 
specific machinery to deliver DNA to cells. 
However, humans have an immune system 
to fight off the virus, and our attempts to 
deliver genes in viral vectors have been 
confronted by these host responses. ► 
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Figure 1 To create the retroviral vectors that are used in gene therapy, the life-cycles of their 
naturally occurring counterparts are exploited, a. The transgene (in this case, the gene for factor IX) 
in a vector backbone is put into a packaging cell, which expresses the genes that are required for viral 
integration {gag t pol and env). b, The transgene is incorporated into the nucleus, where it is 
transcribed to make vector RNA. This is then packaged into the retroviral vector, which is shed from 
the packaging cell, c, The vector is delivered to the target cell by infection. The membrane of the viral 
vector fuses with the target cell, allowing the vector RNA to enter, d, The virally encoded enzyme 
reverse transcriptase converts the vector RNA into an RNA-DNA hybrid, and then into double- 
Stranded DNA. e.The vector DNA is integrated into the host genome, then the host-cell machinery 
will transcribe and translate it to make RNA and, in this case, factor IX protein. 
LTR, long terminal repeat; ib, packaging sequence. 
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Retroviral vectors grown in vitro, and infected with the recom- of trial and error for a given type of cell. 
Retroviruses are a group of viruses whose binant retroviral vector. The target cells pro- Another formidable challenge to the ex 
RNA genome is converted to DNA in the ducing the foreign protein are then trans- vivo approach is the efficiency of transplan- 
infected cell. The genome comprises three planted back into the animal. This procedure tation of the infected cells. Attempts to 
genes termed gag, pol and env, which are has been termed 'ex viva gene therapy* and repeat the long-term myoblast transplanta- 
flanked by elements called long terminal our group has used it to infect mouse pri- tton in haemophiliac dogs led to only short- 
repeats (LTRs). These are required for inte- mary fibroblasts or myoblasts (connective- term expression, because the infected dog 
gration into the host genome, and they define tissue and muscle precursors, respectively) myoblasts could not fuse with the muscle 
the beginning and end of the viral genome, with retroviral vectors producing the factor fibres. So perhaps successful animal models 
The LTRs also serve as enhancer-promoter DC protein. But within five to seven days of will prove inadequate when the same proto- 
sequences — that is, they control expression transplanting the infected cells back into cols are extended to humans. Moreover, 
of the viral genes. The final element of the mice, expression of factor IX is shut off 1,5 '*. these models are based on inbred animals — 
genome, called the packaging sequence (t|j), This transcriptional shut-off has even been the outbred human population, with indi- 
allowstheviral RNA to be distinguished from observed in mice lacking a functional vidual variation, will add yet another degree 
other RNAs in the cell (Fig. I ) : . immune system (nude mice), and it cannot of complexity. The haematopoietic (blood- 
By manipulating the viral genome, viral be due to cell loss or gene deletion' because producing) system may offer an advantage 
genes can be replaced with transgenes — such the transplanted cells can be recovered. for ex vivogene therapybecause restingstem 
as the gene for factor IX (Table 1). Tran- What is the mechanism of this unexpect- cells can be stimulated to divide in vitro 
scription of the transgene may be under cd but intriguing problem? We do not yet using growth factors and the transplanta- 
ble control of viral LTRs or, alternatively, know, but the exceptions may provide some tion technology is well established. But there 
enhancer-promoter elements can be engi- clues. To obtain sustained expression in is still a lack of good enhancer-promoter 
neered in with the transgene. The chimaeric mouse muscle following the transplantation combinations that allow sustained produc- 
genome is then introduced into a packaging of infected myoblasts, we used the muscle tion of high levels of protein in these cells, 
cell, which produces all of the viral proteins creatine kinase enhancer-promoter to con- Another problem is the possibility of 
(such as the products of the gag, pol and env trol transcription of the transgene. Unfortu- random integration of vector DNA into the 
genes), but these have been separated from nately, this is a weak promoter, and only low host chromosome. This could lead to activa- 
the LTRs and the packaging sequence. So, levels of protein were produced. So, we tion of oncogenes or inactivation of tumour- 
only the chimaeric viral genomes are assem- generated a chimaeriL vector in which the suppressor genes. Although the theoretical 
bled to generate a retroviral vector. The cul- muscle creatine kinase enhancer was linked probability of such an event is quite low, it is of 
turc medium in which these packaging cells to a strong promoter I n >m cytomegalovirus. some concern (see section on clinical trials), 
have been grown is then applied to the target Using this vector, susi aiued and high levels of 
cells, resulting in transfer of the transgene. factor IX were expressed when the infected Lentlvlral vectors 
Typically, a million target cells on a culture myoblasts were transplanted back into Lentiviruses also belong to the retrovirus 
dish can be infected with one millilitre of the mice. Remarkably, these expression levels family, but they can infect both dividing 
viral soup. remained unchanged for more than two and non-dividing cells 10 . The best-known 
A critical limitation of retroviral vectors years (the life of the animal). So we can lentivirus is the human immunodeficiency 
is their inability to infect non-dividing cells*, override the 'off switch' and achieve higher virus (HIV), which has been disabled and 
such as those that make up muscle, brain, levels of expression by using an appropriate developed as a vector for in vivo gene 
lung and liver tissue. So, when possible, the enhancer-promoter combination. But the delivery. Like the simple retroviruses, HIV 
cells from the target tissue arc removed, search for such combinations is a case has the three gag, pol and env genes, but it 
Table 1 Candidate diseases for gene therapy " also carries genes for six accessory proteins 
Disease Defect incidence Ta> got cells termed tat> re v, vp r, vpu y ne/and vif x \ 
Genetic Using the retrovirus vectors as a model, 
Severe combined Adenosine deaminase Rare Bone-marrow cells or lentivirus vectors have been made, with the 

io™?*™ ciency (ADAl in " 25% of SOD T lvmphocvtes transgene enclosed between the LTRs and a 

(SOD/ADA) patients . ° . _ e , 

• : •■ v.".' ;*v« ; vrr. packaging sequence . Some of the accessory 

A Factor vlll deficiency 1:10.000 males Lwur. muscle, fibroblasts v ■ , r • j • i_ «■ 

or bone-marrow cells proteins can be eliminated without affecting 

B Factor IX deficiency 1:30.000 males production of the vector or efficiency of 

Familial Deficiency of low-density 1:1 million Liver infection. The env gene product would 

..tiy.??^ restrict H!V-based vectors to infecting only 

Cystic fibrosis Fauhy ^Port of salt in 1:3.000 Caucasians Airways in the lungs cc [j s that a prot ein called CD4 + SO, in 

Loss of cftr gene the vectors, this gene is substituted with env 
"Haef^ToUnoiMtNes: StnTciu'iiVdBfertsin i:60D in certain Bonpimarw'S'isrgMno sequences from other RNA viruses that have 

thalassaemias/ a- or p-giobm gene ethnic groups rise ;o ted blood cells a broader infection spectrum (such as glyco- 

..^It?.?]!.?^??^? protein from the vesicular stomatitis virus). 

Gaucher's disease Defect in [he enzyme 1:450 in B'nie-marrow cells. n A , a „^» A ,^..„u fl «^,./.J oik*;*™-, 

glucoce.ebros,riase Ashkenazi Jews ^^phages 1 hese vectors can be P roduced ~ ^ htxX on a 

' ai^psin de^ i&GOO '«■ ::.r.g or iiveV ceis sma11 " ale at thc moment ~ at concentra - 

inherited emphysema lionsof>10 virus particles per ml (ref. 12). 

Acquired When lentivirus vectors are injected into 
Cancer Many causes. i'i^V^^arVnUSA vVnety of'cancer-ceii rodent brain, liver, muscle, eye or pancrea- 
includmg genetic lyw-s: hver. brain, tic-islet cells, they give sustained expression 
and environmental iMnrreas. breast, kidney f i 
■ for over six months — the longest time test- 
Neurological diseases Parkinyon'y. Alzheimer's. 1 million Parkinson's n»'eci injection in the , f n.u , , ,•• tU • i M# .^„: 

spinal-cord .n JU ry and 4 million Alzheimer's e:a.n. neurons, glial cells. ed so far ■ Unlike thc prototypical retrovi- 

patients In USA Schwann cells ral vectors, thc expression is not subject to 

Cardiovascular Resiinosis! 13 "Son In USA A- innes. vascular 'shut off '. Little is known about the possible 

f.^!?.?.?!?^ :*™f*^.*&.. immune problems associated with lentiviral 

Infectious diseases ADS. heparins B Increasing numbers T ceils, liver, macrophages vectors, but injection of I0 7 infectious units 
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What makes an ideal vector? 



All of the current 
methods ol gene delivery 
- whether viral or non- 
viral - have some 
limitation. So. the choice 
of vector will often be 
dictated by the need. If 
expression of the gene is 
required for only a short 
time (for example, 
expression of a toxic 
gene-product in cancer 
cells), then the adenoviral 
vectors are ideal. But if 
sustained expression is 
needed (such as for 
most genetic diseases), 
. then an integrating vector 



without attendant 
immunological problems 
is more desirable. An 
ideal vector may have to 
borrow properties from 
both viral and synthetic 
systems, and it should 
have: ; 

• High concentration 
(>10 B viral particles per 
ml), allowing many cells 
to be infected; 

• Convenience and 
reproducibility of 
production; 

• Ability to integrate in a 
site-specific location in 
the host chromosome, ui 



does not elicit the cellular immune response 
at the site of injection. l : urthermore, there 
seems to be no potent antibody response. 
So, at present, lentivii al vectors seem to offer 
an excellent opportunity for in vivo gene 
delivery with sustained expression. 

Adenoviral vectors 

The adenoviruses arc a family of DNA virus- 
es that can infect both dividing and non- 
dividing cells, causing benign respiratory- 
tract infections in humans". Their genomes 
contain over a dozen genes, and they do not 
usually integrate into the host DNA. Instead, 
they are replicated as episomaJ (cxtrachro- 
mosomal) elements in the nucleus of the 
host cell. Replication- deficient adenovirus 
vectors can be generated by replacing the El 
gene — which is essential for viral replica- 
tion — with the gene of interest (for exam- 
ple, that for factor IX ) and an enhancer-pro- 
moter element. The recombinant vectors are 
then replicated in cells that express the prod- 
ucts of the El gene, and i hey can be generat- 
ed in very high concentrations (>10 ,l -10 12 
adenovirus particles per ml) 1 *. 

Cells infected with recombinant adeno- 
virus can express the therapeutic gene but, 
because essential genes for viral replication 
are deleted, the vector should not replicate. 
These vectors can infect cells hi vivo, causing 
them to express very high levels of the trans- 
gene. Unfortunately, this expression lasts for 
only a short time (5- 1 U days post- infection). 
In contrast to the retroviral vectors, long- 
term expression can be achieved if the 
recombinant adenoviral vectors are intro- 
duced into nude mice, or into mice that 
are given both the adenoviral vector and 
imrnunosuppressi ng agents'*. This indicates 
that the immune system is behind the short- 
term expression that is usually obtained 
from adenoviral vectors. 

The immune reaction is potent, eliciting 
both the cell-killing 'cellular' response and 
the antibody-producing' hum oral* response. 
In the cellular response, vi rally infected cells 
are killed by cytotoxic riymphocytes 16,17 . The 
humoral response results in the generation 
of antibodies to adenoviral proteins, and it 
will prevent any subsequent infection if the 
animal is given a second injection of the 
recombinant adenovirus. Unfortunately for 
gene therapy, most of the human population 
will probably have antibodies to adenovirus 
from previous infection with the naturally 
occurring virus. 

It is possible that the target cell contains 
factors that might triggei the synthesis of 
adenoviral proteins, leading to an immune 
response. To try to get around this problem, 
second-generation adenoviral vectors were 
developed, in which additn ma I genes that are 
implicated in viral replication were deleted. 
These vectors showed longer-term expres- 
sion, but a decline after 20-40 days was still 
apparent 18 . This idea has now been taken fur- 
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ther with the generation of 'gut-less' vectors 

— all of the viral genes are deleted, leaving 
only the elements that define the beginning 
and the end of the genome, and the viral 
packaging sequence. The transgenes carried 
by these viruses were expressed for 84 days 1 *. 

There are considerable immunological 
problems to be overcome before adenoviral 
vectors can be used to deliver genes and pro- 
duce sustained expression. The incoming 
adenoviral proteins that package DNA can 
be transported to the cytoplasm where they 
are processed and presented on the cell sur- 
face, tagging the cell as infected for destruc- 
tion by cytotoxic T cells. So adenoviral vec- 
tors are extremely useful if expression of the 
transgene is required for short periods of 
time. One promising approach is to deliver 
large numbers of adenoviral vectors contain- 
ing genes for enzymes that can activate cell 
killing, or immunomodulatory genes, to 
cancer cells. In this case, the cellular immune 
response against the viral proteins will 
augment tumour killing. Finally, although 
immunosuppressive drugs can extend the 
duration of expression , our goal should be to 
manipulate the vector and not the patient. 

Adeno-associated viral vectors 

A relative newcomer to the field, adeno-asso- 
ciated virus (AAV) is a simple, non-patho- 
genic, single-st landed DNA virus. Its two 
genes (cap and rep) are sandwiched between 
inverted terminal repeats that define the 
beginning and the end of the virus, and con- 
tain the packaging sequence 20 . The cap gene 
encodes viral capsid (coat) proteins, and the 
rep gene product is involved in viral replica- 
tion and integration. AAV needs additional 
genes to replicate, and these are provided by 
a helper virus ( usually adenovirus or herpes 
simplex virus). 

The virus can a variety of cell types, 
and — in the presence of the rep gene product 

— the viral DNA can integrate preferen- 
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to be successfully 
maintained as a stable 
episome; 

• A transcriptional unit 
that can respond to 
manipulation of its 
regulatory elements; 

• Ability to target the 
desired type of cell; 

• No components that 
elicit an immune 
response. 

Although no such 
vector is currently 
available, all of these 

properties exist, , 
individually, in disparate 
delivery systems. 

tially :n into human chromosome 19. To pro- 
duce an AAV vector, the rep and cap genes are 
replaced with a transgene. Up to lO'-lO 12 
viral particles can be produced per ml, but 
only on e i n I ( )(*- 1 ,000 particles is infectious. 
Moreover, preparation of the vector is labori- 
ous an d » d ue t o th e toxic nature of the rep gene 
product and some of the adenoviral helper 
proteins, we currently have no packaging 
cells in which all of the proteins can be stably 
provided. Vector preparations must also be 
carefully >eparated from any contaminating 
adenovirus, and AAV vectors can accommo- 
date only 1 .0 kilobases of foreign DNA — 
this will exclude larger genes. Finally, we need 
more information about the immunogeni- 
city of the viral proteins, especially given that 
80% of the adult population have circulating 
antibodies u> AAV. These considerations 
notwith st. mding, AAV vectors containing 
human factor IX complementary DNA have 
been used to infect liver and muscle cells 
in immunocompetent mice. The mice 
produced therapeutic amounts of factor IX 
protein in their blood for over six months 21,22 , 
confirming the promise of AAV as an in vivo 
gene-thcr;ipv vector. 

Other vectors 

Among the other viruses being considered 
and develi > j >ed . is herpes si mplex vi rus, which 
infects eel U ol the nervous system 23 . The virus 
contain> mure than 80 genes, one of which 
(IE3) can be replaced to create the vector. 
Around ! o* 10" viral particles are produced 
per ml, hul the residual proteins are toxic to 
the target cell. Additional genes can be delet- 
ed, allowing more than one transgene to be 
included. Hut if essentially all of the viral 
protein* are deleted (gut-less vectors), only 
around 10' viral particles are produced per 
ml. And.aiiain, many people have an immu- 
nity to components of herpes simplex virus, 
having already been infected at some time. 
Vaccinia -virus-based vectors have also 

241 



news and views f eature 



been explored, largely for generating vac- 
cines' 14 . The Sindbisand Semliki Forest virus 
is being exploited as a possible cytoplasmic 
vector 5 which does not integrate into the 
nucleus. Although most of these systems 
produce the foreign protein only transiently, 
they add diversity to the available systems of 
gen e t ra n sfc r ( Table 2 ) . 

Clinical trials 

Over half of the 200 clinical trials that have 
been launched in the United States involve 
therapeutic approaches to cancer. Nearly 30 
of them involve correction of monogenic 
diseases (Table 1 ) such as cystic fibrosis, a r 
antitrypsin deficiency and severe combined 
immunodeficiency (SCID). Most of the 
trials are phase I (safety) studies and, by and 
large, the existing delivery systems have no 
major toxicity problems. Moreover, lessons 
can be learned from previous clinical 
trials 26,27 . For example, seven years ago two 
patients were enrolled in a trial to correct 
deficiencies in adenosine deaminase (ADA, 
which leads to severe immunodeficiency). 
One of the patients improved, and makes 
25% of normal ADA in her T cells, five years 
after the last infusion of infected T cells 
(although she is still treated with PEG-ADA; 
bovine adenosine deaminase mixed with 
polyethylene glycol). But in the other 
patient, the infected T cells could not 
produce enough of the deficient enzyme. 

The efficacy of gene therapy cannot be 
evaluated until patients are completely taken 
off alternative treatments (in the above exam- 
ple, PEG-ADA). In another trial 28 , weaning a 
patient away from PEG-ADA reduced the 
ability of the T cells to respond in Wf/oto a chal- 
lenge by pathogens. Clearly, in these cases the 
retroviral vectors were not optimal, and the 
number of infected blood -progenitor cells was 
extremely low. However, these trials did help to 
establish the technology for generating clini- 
cal-grade recombinant retroviral particles, the 
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procedures for infection and transplantation, 
and the protocols for monitoring patients and 
analysing data. The disappointing outcome 
probably lies in the inefficient gene-delivery 
system. We need a system in which the vector 
— containing the ADA gene — is efficiently 
delivered to progenitor cells, leading to sus- 
tained expression of high levels of the ADA 
protein. But, encouragingly, despite being 
repeatedly injected with highly concentrated 
recombinant viruses, the patients have 
suffered no untoward effects to date. 

Future prospects 

We now need a renewed emphasis on the 
basic science behind gene therapy — 
particularly the three intertwined fields of 
vectors, immunology and cell biology. 

All of the available viral vectors arose from 
understanding the basic biology of the struc- 
ture and replication of viruses. Clearly, existing 
vectors need to be streamlined further (see box 
on page 24 1 ), and vectors that target specific 
types of cell are being developed. The use of 
antibody fragments, ligands to cell-specific 
receptors, or chemical modifications to the 
vector need to be explored systematically. And 
advances such as the report — published only 
last week 2 * — of the three-dimensional struc- 
ture of the Env protein from mouse leukaemia 
virus (a commonly used vector), will facilitate 
the design of targeted vectors. A better under- 
standing of gene transcription will allow us to 
design regulatory' elements that permit pro- 
moter activity to be modulated, and develop- 
ment of tissue-specific enhancer-promoter 
elements should be vigorously pursued. Final- 
ly, we need to begin merging some of the quali- 
ties of viral vectors with non- viral vectors, 
to generate a safe and efficient gene-delivery 
system. 

With respect to immunology, viruses still 
have many secrets to be unravelled. Viral 
systems that have evolved to escape immune 
surveillance can be incorporated into viral 
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vectors. Some of these are being character- , 
ized; for example, the adenoviral E3 protein, i 
the herpes simplex ICP47 protein and the * 
cytomegalovirus USll protein* 0 . Systems i 
h orn other pathogens may also be borrowed j 
a nd i n co rpo rated i n to vectors . I n som e cases , j 
the correcting protein will be sensed as ; 
foreign, eliciting an immune response. ; 
Animal models should help us to under- j 
stand this and, where necessary, to develop < 
strategies for tolerance. ! 

Cell biology is involved because, in many j 
cases, the goal of gene therapy is to correct 
differentiated cells, such as epithelial cells in i 
cystic fibrosis and lymphoid cells in ADA i 
deficiency. However, because these cells are j 
continuously replaced there has to be either J 
continued therapy or an attempt to target the j 
stem cells. We first need to develop further i 
the technologies for identifying and isolati ng j 
these cells, to understand their regulation, j 
and to target infection to them in vivo. j 

So how far have we come since clinical ! 
trials began? The promises are still great, and j 
the problems have been identified (and they ; 
are surmountable). But what of the prospects? j 
Our view is that, in the not too distant future, i 
gene therapy will become as routine a > 
pract ice as heart transplants are today. * j 
Uukr M. Vernw and Nikutij Somia are in the 
laboratory of Genetics, The Salk Institute for 
Biological Studies, La Jolla, California 92037. USA. \ 
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Few 



Few 



Extensive 



Noi kiu.w" 



None 



Unlikely 



Unlikely, except 
maybe AIDS 
patients 



Yes 



Yes 



No 



Insertionai 
mutagenesis? 



insertions! 
mutagenesis? 



Inflammatory Inflammatory None 
response, toxicity response, toxicity 



Table 2 Comparison of properties of various vector systems 

Features Retroviral Lentiviraf Adenoviral AAV 



Maximum 7-7.5 kb 7-7.5 kb -30 kb 3.5-4 

insert size 

Concentrations >10 3 MO 8 >10" >10'- 

(viral particles 
per ml) 

Route of gene Ex vivo Ex An vivo Ex An vivo Ex An 

delivery 

Integration Yes Yes No YesT 

Duration of Short Long Short Long 

expression 

in vivo 

Stability Good Not tested Good Gooc 
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Although gene therapy as a treatment tor disease holds great promise, progress In developing effective clinical 

protocols has been dow. The problem lies In the development of &afe and 

review win evaluate the problems and the potential solut*ons In this now field of modclne. 



The first approvedclinical protocol for. somatic gene therapy started 
trials in September 1990'. Since then, in just fh years, more than 300 
clinicaJ protocols have been approved worldwide and over 3*666 
patients have carried genetically engineered pells in their body. The 
conclusions from uScse trials are^ 

for treating a broad array of human diseases and that the procedure 
appears to carry a very, low risk of adverse reactions; the effi&ency of 
gene transfer and expression' in human patients is* However, still d& 
appointingly ;lpw. Except for anecdotal reports of individual patients 
being helped, there is still no conclusive evidence that a gene- therapy 
protocol has been successful in the treatment of a h uman disease. VvTiy 
not? 

In this review I will examine the 'why not?' by evaluating the 
promise and the problems of gene therapy. There are various cate- 
gories of somatic ceil gene therapy, distinguished by the mode of 
delivery of the gene to the affected tissue (see Box • i )v The chailenge is 
to develop gene therapy as an efficient and safe drug-delivery system. 
This goal is more difficult to achieve than many investigators had pre- 
dieted 5 years ago.- the human body has spent .mariy thousands of 
years learning to protect itself from the onslaught of environmental 
hazards, including the incorporation of foreign DNA uito its genOnie- 
VI ruses, however, have been ; partially successful in overcoming; these 
barriers and heingj able to insert - their genetic; material into human 
cells. Hence the initial efforts: at gene therapy have been directed 
towards en|jnTicering:viru^ 

carry therarxu^ patients, A Jiumber of reviews on- aspects 

of gene therapy hak been published reccntty*"' 0 ; this review will con- 
sider ;the.categorics| of the various virus vectors in turn, 

Vectors based on RNA viruses 

Retroviruses were initially chosen as the most promising gene-transfer 
vehicles". Currently, about 60% of all approved dmical protbcols uti- 
lize retroviral vectors. These RNA viruses can carry. out etTicient gene 
transfer injp many 'cell ty^es anoVcan stably ime^te into me Host cell 
genome (Pig, J), [thereby providing the possibility of long-term 
expression. They have minimal risk because retroviruses have evolved 
into relatively non-pathogenic parasites (although there are except 
tibns, such as the human immunodeficiency viruses (HlVj and 
human T<ell lymphotropici viruses (HT ; LV1)). In particular, murine 
leukaemia virus; (KtuLV) has traditionally been usco\as the vector of 




f ^ WW Wb cWw^ vy^em a vectci^W b£ihi^&#^^ bfoodl 
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choice for clinical gene-therapy protocols, and a variety of packaging 
systems to enclose the vect6r genome within viral particles have been 
developed The vectors themselves have all of, the viral genes removed, 
are fully ^replieation-defective^and can accept up to about 8 kilobases 
(kb) of exogenous DNA. 

The problems that investigators face in devclbping-retroyiral vec- 
tors that are effective in treating disease are of four main types: obtain- 
ing efficient delivery, transducing non-divi<iing> cells, sustaining 
long-term gene expression, and developing a cost-effective way, to 
manufacture the vector., 

Obtaining efficient delivery; Clinical protocols with retroviral vectors 
primarily use the ex vivo approach. Gu^ehdyi the ceHs tiiat are trans- 
duced by retroviral vectors are those that possess a high level of the 
natural MuLV (amphotropic) receptor and are actively dividing at the 
time of exposure to die vector. Most human cells that can be grqwn iw 
vitro dm be transduced, although a. fcw cell types cannot. An. impor- 
tant target cell is the primitive haematopoietic stein cell- (HSC) 
because gene transfer into these cells would result in gene-engineered 
cells for the life of the recipient. Howver^ HSGs. have alow level pf ; 
amphotropic receptor and arc, poorly transducible 1 '. The 'HSC: 
remajn^itfe^ art important btit elusive target 

The broad.range of cellrypes possessing the amphotropic receptor, 
known to be a phosphate symport, limits the target-specific utility of 
these -vectors iin the in vivo' approach. Using different viral: envelope 
proteins-that recognise different receptors (for example> the ycsic^lar 
stomatitis virus (VSV)rG protein or the gibbon ape leukaemia virus 
(GAJLV) envelope protein) can vary the range of cells ;that can be 
transdueed^but still does not provide much specificity. The difficulty 
is that, because retroviral vectors cannot be generated at a high titre 
(amphotropic vectors appear to be limited to i X 10 7 cbionyrforming 
units (CPU) per ml and VSV-G pseudotyped vectors to 1X10° CFtJ 
per nil), it is hot possible to get a large number of vector particles to 
the desired cell type ; i« vivo. The viral particles would bind to many 
cells toeyencou^ 

ing meir target (other issues, such as complement-mediated lysisi witi 
be discussed! later). The problem can l>e quantified The human body 
contains about 5 X 10" cells. If a 100 ml sample of retroviral vector 
were given to a patient, that would be. about t x lb* active vector parr 
tides. Even if 'every, vector particle were 100% effitientafc infection, 
only ! cell in 50,000 would be transduced \Vhat is needed is a retrovi- 
ral particle that will preferentially bind. to its target cell and can be 
mahwfectured at^a high titre. 

Efforts to target specific cell types have, centred on attempts to. 
engineer die natural retroviral envelope protein. The envelope protein 
has two fiinctions ; binding to its r^ (SO) moiety) 

and enabling me eittty^ 

manry by me'ti^siriembrane (TM).mpiery) The'SU pfotejn ^inds.to 
Its receptor on me target ^.surface anb\as,a resuJMhe SUfifo con>. 
plex undergoes a ^cpnfprma_tional,change that. allows -fiisipn.of the viral! 
and ;c^^r\rne#br#'c^- followed by entry, of the viralcore (ymich 
cames.the viruses genenV information) into the target cell's cytoplasm 
(FigiV): 

Two;broad approaches^^^^^^ 
fpljpwejd. V ir^t, ithe na^ral-receptor^bindin 

has been replaced with a^gaxid or single-chain antibody that reedgr 
iu^;a:speaficcelJ surface receptpr ,XM . A wide range of receptors have 
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been targeted, but the difficulty is that even though specific binding 
can be obtained between the engineered vector and the target cell 
receptor, gene transfer has been unacceptably low in all these experi- 
ments. The reason is dear. The retroviral envelope protein is thought 
to be a trimer with a complex quaternary structure 15 . When the nat- 
ural receptor-binding domain is replaced by^a foreign sequence, the 
whole structure of* the envelope protein is altered. The result is that 
the natural post-binding com^rmatipnal change that leads to the 
fusion 1 of the virus with me ced membrane does not Occur. Without 
fusion, core entry and gene transfer dp not take place efficiently; 

Engineering the receptor-binding domain of SU while maintain- 
ing the ability of the envelope protein to carry out core entry will 
require/ a better understanding of the structure-function relation- 
ships within thcienvelbpe protein complex This understanding has 
been enhanced by tfie recent publication of the three-dimensional 
structure of. the receptpr-bihding d of the murine ecotrppie 
(Friend strain) SU protein 16 , it should now be possible to engineer 
ligands into very specific sites in the SU protein with a higher proba- 
bility of maihtaihmg the runctidi^ properties of the envelope .pro- 
tein for core entry. 

Other structure-fujiction /Studies of the retroviral envelope pro- 
tein are also contributing to our understanding of how to obtain effi- 
cient core entry after binding, the three-dimensional structure of a 
portion of the:Moidney ecdi^pic, retrpviral TM protein was pub- 
lished last year 15 . Recently it has been shown that the separate 
monomers in the predicted triracric structure of the envelope can 
cross- talk with each other 17 In other words, separate monomers, 
each of which tvdefettive, can -complement each other tocprbvide an 
: active rrirncric envelope.' Using this tech riiquei it has been possible to 
define separate turfcUonal domains in the T^ protein 1 *; As the coiii- 
plete three-dimensional structure and fiinctional domains: of the 
envelope proteut become knowit, constructing retroviral vectors that 
ate able to targeU 

Progress has been made using a second broad approach to target- 
ing that could be called 'tethermg. Mthough several creative systems 
have beeivdesi^ 

to be insertion of w ligand that recognizes an extracellidar matrix 
(ECM) component into a part of the SU protein that docs not dis- 
\ turn the naturai receptor-binding domain. 1^ tethering concen- 
trates the yect6r : in the ECM in the vicinity of the target cells. 
Receptor binding arid core entry can then occur through the natural 
envelope-receptor niechanism, i\vo ligands: that appear particularly 
useful for tethering are those specific for ribroriectiii 19 andfor colla- 
gen^ Fibrohcctiii is present in normal ECM and exposed collagen is 
present in areas pf damage, for example after wound injury as in the 
crirdio^etfl^r 

Transduction of non-tfrvial^ 

based retroviral vectors to transduce non-dividing cells ^is? very useful 
in some situations^ for example when a toxin gene is being inserted 
into dividing cancer cells and nor into the ;norma| [ npn-drvldfng cells 
(see below under finical studies 1 ), there are many situati^ 
one would want to insert a therapeutic gene into riormalnbn-divid- 
ing cells. Majiy- ppten tial target celLs are npt;ac^vely diyidiiig in viypy 
| only- certain blood %cils (not. the stem ccD) and the cells ; lining trie* 
; gastrointestinal tract are continually in division, tentiviruses (such as 
i HTV-t) are able to infect npn-dividirig cells, but vector^ constructed 
, from these viruses raise concerns over s^ 
that recpmbinatipn could produce a pathpgenic virus Attempts to 
transfer in^ vector S:the:Si^eific HtV 

that allow transduction pf non^iyiding?celis-rtave npibe^ success- 
fall 'Recenlly it has r^come^ possible to use just 22% Of the HIV 
geTiprae (which de^not;ind 
gf) in a retroviral wfor 1 ^; Trie chancy 

turther reduced by the use of a :nonr,HW .envelope: protein. This 
hybrid systern/.hql^ ofvtrans- 
ducing non-drViding cells ih vivo in a; safe manners >^omerRNA 
vir^ system being. developed- is based on the human foamy virus". 
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These vectors are able to transduce a broad range of cell types, are not 
inactivated by human scrum, and may be able to transduce some 
ppn^yidmg^aSjWeU as diyiamg r ceUs, 

Improving gene expression. Assuming that effi cieiit gene transfer can 
be developed, the next' issue is long T term, stable gene expression at an. 
appropriate level* . This is perhaps the greatest shortcoming of presen t 
vectors. Although gene expression is being discussed here under retro- 
viral vectors, the topic applies to gene transfer vectors of all types. 

Several factors are mtolved hi maintaining the stable expression of 
genes after their transfer, First, the regulatory sequences that control 
gene expression often do not remain active. There is. a tendency for the 
cell to recognize foreign promoters (particiiiarly viral promoters such 
as simian virus 40 (SV40) and cytomegalovirus: (GMAO) and inacti- 
vate them (by memytation or other mechanisms). The role of lym- 
phokines, cytokines and other growth factors in mamtainihg gene 
expression is also poorly understood, Second, even if the gene stays 
active within the cell, the cell often dies. The immune system is 
designed to recognize and eliminate foreign gene productsand cells 
that produce a foreign protein. All viral genes are eliminated from 
retroviral vectors* and so ^ immune reco^tiori 6f Vu^l proteins (except 
tor those, such as capsid proteins, that are packaged into the viral par- 
ticle it^lf) is notan issue (but see the discussion Pf adenoviral vectors 
below). Nonetheless, the immune system is still likely to recognize a 
new or mpdified protein produced by the therapeutic gene; a newly 
synthesize normal protein will appear abnormal to an ^ immune sys- 
tem that has never been exposed toit 

Use of a cell's own.cis^regulatory DNA sequence's will probably 
provide more stable longr term gene expression than catf be obtained 
with viral promoters, but identifying all the; components of a gene's 
regulatory system can be ditrlcult As an extreme case, the regulatory 
sequences invol ved : i n the proper regulation of the haemoglobin (0- 
globin ) genes are spread over nearly 100 kb» Because a retroviral vec- 
tor can only accommodate 6-8 kb of sequence, rcgulatory sequenccs 
may need tp be truncated- tp their minimal essential<len|th -before 
being mcorporated into such vectors. Even when the .natural 
rejgulatory elements areusect mey maynot to 
theproper signals iahd feedback mechanisms that nprrnally operate in 
the appropriate cellular milieu For example, the insulin 
enhancer/prompter still cannot direct regulated expression; when 
delivered to fibroblasts. Again, this emphasizes the need to develop 
vectors that arc capable of |enc transfer to speafic cell types. 

There iszsteady progress on these 'fronts, but iong-terra, stable; 
appropnaterlevel getic expression in vtvo in n. range of cell types is still 
to be accomplished. Once these huridles are dearedi the -next goal Will 
be to acKieve gene'exprcssion that can be regulated Many importartt 
target genes, such as; that fpr insulin, are not expressed at the same 
level ail theitnne, but respond to physiological signals within the body; 
The.gpal is to use regulatory sequences that respond to the body's own 
prrysiblbgical signals (so 1 that inserted therapciitic genes c^Tfiihction 
the way rJrat nonrial endogenous genes dp);pr to drugs that can be 
used to control the level pf gene activity. Insoine cases, only low levels 
of essendaily ujarcgulated expression may be berieficiali (for example, 
m haernp^ 

iri. other c^ses tight f^^tiori may be required (for example, for 
uisulfopro^ 

Mariufttcturing the vccton AJthough consideration of how a pharma- 
ceutical company would be,abie:to manuficture millipris of doses of a 
gene-therapy ve^orw^ 

a. real issu^o R^troyi^ only^be 
mafebyliyin^c^ 

which;to carr^ out gpod marjufacturing^ and quality 

assur^ceio^ty coflrrot ((p/i^C) procedures mandated 4>y the 

have learned. 

One ^th retrwi^ ve^rs;U 

thata?replicat(onBCom^ 

rpariujfacjuring process. Because . retroviral! vectors ajDe-pjrpduc^dj'in 
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packaging cells that contain a packaging-defective viral genome, and 
because retroviruses have a high propensity for recombination, this 
possibility is always present r^thermpre, as every mammalian cell 
contains endogenous retrovkuses, additiorrf 
incorporated into tr|e RCR» perhaps producing a pathogenic virus. 

Another potential problem results firorii the ability of retroviral 
vectors to integrate randomly into host cell DNA. For example, a vec- 
tor might insert ttscjf into : a, tumour suppressor gene,,thereby increas- 
ing the propensity of the cell to become cancerous. The only example 
of unintentional tumour production in a retroviral gene transfer 
experiment in large animals was published in 1992; three cases, of lym- 
phoma were reported among ten rhesus monkeys whose bone mar- 
row had been destroyed by irradiation and who were then 
transplanted wimMeinatoppietic stem cells that had been exposed to 
a large number of RGR as well as the experimental vector?\ It was 
shown that the cancers resulted from integration of an RCR (not of 
theiretroviral vector), were clonal events arid: developed only after, a 
long period (^7 months) of tetroyiraemia. 

The subject of RCR production and safety as well as of potential 
tumour production i "was extensively- analysed in a report to the N1H 
Recombinant DNA Advisory Committee (RAC) and the PDA 25 . The 
conclusion wis that the current: QA/QC procedures required by the 
FDA make it exceedingly unlikely that any patient could : receive surH- 
cientRCR to produce.either a retrpviraemia or a : malignancy. Hpwev- 
eri the manufacturing and testing process to ensure this degree of 
safety is complex anjd! expensive. 

As the gdaJofpiesent research isthe production of a gene therapy 
vector mat can oe iiijected dkectly into me body (just like penicillin- or 
insulink additional, problems must be considered: For example, 
mouse packaging cc|ls produce retroviral vectors that are ddrrpyed by 
human complement; Although: this sensitivity mate the vector parti- 
cles 'safer', it does markedly reduce their half-life m oto and the effi- 
ciency of gene transfer The major component of this sensitivity arises 
from the presence of. unique sugar groups on yi ral glycoproteins; pro- 
duced in the murine packaging cells that make the viral particles sen- 
sitive to human complement.- Either the vector particles produced in 



mouse cells must be engineered to avoid the human complement sys- 
tem, or the vector needs to be made in a non-murine packaging cell' 
line that c^ provide the viral particles with appropriate sugar groups 
on their surface. However, as mentioned above, essentially all main? 
malian cells have their own endogenous retroviruses that could 
recombine with the vector to produce a new, potentially pathogenic, 
RCR; many of these endogenous viruses are still unknown. Although, 
any .cell line is suspect, the use of primate or human cells as packaging 
cells raises the greatest safety concerns in this regard. Human packag- 
ing cells can, however,, be engineered to be very safe. For example* the 
PrpPak cell line**, whichhas the viral gag-rpol genes on a separate DNA 
construct from the env gene (producing a 'split* packaging.cell line) as 
well as other safety features, is certainly safer than the murine packag- 
ing cell line PA317, which is used for most of the present retroviral 
vector clinical trials. 

These issues are resolvable, but it will take several, years of product 
development ^ tp . develop a cost-effective nianufecruring system that 
will produce safe, efficient gene- therapy vectors on a sufficient scale to 
allow worldwic^ non-viral delwcry system/that 

avoids many of these problems may be the gene-therapy vector of the 
futiirc (see discussion below under ^on~yiral vectors'), the many pre- 
sent and future clinical protocols; using retroviral vectors require 'that 
the manufacturing issues of safety and efficiency be solved. 



Vectors based on DNA viruses 

Adenoviirai vectors. The I)NA virus used most widely for in situ.gcnc 
transfer vectors is the adenovirus (specifically serotypes 2 ancl 5) . Ade- 
noviral vectors have several positive attributes: they are large arid can 
therefore potentiaUy hold large 

they are, human viruses and are able to:transduce a large number of 
different human cell types at a very high efficiency (often reaching 
nearly 100% in vitro); they can transduce non-dividing cells; and they 
can be produced a t very high titres in culture They have been thevec* 
tor of choice for several laboratories trying to treat the pulmonary 
complications of cystic fibrosis, as well as for a variety of protocols 
attemptingtot rcat cancer. 




Rguro/l The protocoljior retroviral vectors, a Diagram .bia iretr^ vector pantclels covered by a membrane. (derived (rom tne membrane of the 661! from 

which te ty^red;in t% n^ whfch.ispompc«edof Jwo partstheSU (surface}; protein, wWbh is resDQr#ib>'fo 

binding to'theiece#d//bn^^ 1M{trdhsrn^ matrix and isJnvolvedTnthe.firsidn' 
erop; Beneath :the:v4ralimem^ 

strands of RNA together wlih the riydeo&p#d* prbfein:8rid the;vlral srayrhes {prote^ retrcMraf vector iHe,vfreigenes have bgen 

replaced by;etransge^e/.^^ Brst; trie vector oarticie blnds to Its receptor on the.target cell by meahsjof iWsu 

envelope prdteln. THe 'pedicle is then Intemajteed [rub thec^opja^ Jhe enveiqpe pmtein ^iileW viral 
mernbranev^ 

the pNA being copied jntp a dpubte sfantfctfT^^ integrates Into the.^romosprnat DN/V ano^tsjranscribed. 

B&cause the viral gene? riovtfbeeh rapiac^ product of the frarisgerte ismade instead of hevvviral particle* 

MATURKJ VOL 392 | S\n>i> 1 3QAPRJ1; WS 27 



reviews 



Adenoviral vectors have certain drawbacks, however. First-gener- 
ation vectors were deleted for the carry region I (El) functions in 
order to render them replication-defective. In addition,.these vectors 
were deleted in the E3 region in* order to create space for theinsertion 
of transgenes. The E3 region, as discussed below, functions to sup- 
press the host immune response during virus infection, but is not 
required for replication or packaging in vitro. Vectors with El and E3 
deleted elicited strong mflammatbry and immune responses 27 . This is 
thought to be a consequence of -leak/ expression of adenoviral pro- 
teins in the transduced cells because these first-generation vectors 
retain fnost of the viral-genome. It was hoped mat a weaker immune 
response would 1 . result; .-if additional viral genes, were deleted. Thus 
vectors with tfte deletion of El coupled witii the deletion of other 
essential early g^es, E2a ahd/br E4'{refc 28, 29), or vectors with all of 
the viral genes deleted (so-called 'gutless' vectors 30 "^) have been con- 
structed and tested; in animals There have been conflicting reports 
regarding the immunogenicity, stability of gene expression, and per- 
sistence in vivo of gutless vectors 33 In feet, these properties may d^ 
depending on the exaet vector design, the tissue type that me vector is 
introduced toto, and the nature of the transgene lihsert; in particular, 
the gutted vectors offer the possibility of introducing up to 35 kb of 
genomic sequences, and it has been : suggested that "inclusion of 
nuclear matrix attachment re^ facilitate long-term gene 

expression arid persistence of the vector sequences. 

Deleting more and more viral gene* may 1 not always be advan- 
tageous because some of these genes may have beneficial attributes* 
for example suppressing an immune response agairist the Vector; 
Their removal could increase the rate at which the vector is eliminat- 
ed; As an example, the E3 region encodes a protein of relative molec* 
ular mass 1 9K that protects the virus, and presumably the engineered 
cells, from host immune surveillance*. Various effector mechanisms 
may be involved in viral vector clearance 5 . In addition, re-acting 
sequences may exist that help maintain me stability of the adenoviral 
genome m the c^. As wim clrug trials^ results in animals (even inpri 
mates) have not always reflected what happens in patients. Vectors 
that produceimflammatory responses imprimates may, not do so in 
human patients, and the opposite situation is, probably also likely 
Recently, the first 'true* phase I gene.- therapy clinical trials have 
begun; norrnal volunteers, have been tested with intradermal injec- 
tion (and now by intrabrbnehial mfusion) of adenoviral vectors in 
order to determine the immunblbgical response to adenoviral vectors 
in hi^an beings. 

iBy engineering the correct combination of wal genes {incorpo- 
rating immunosuppressive genes, perhaps from various sources, 
while deleting irrmume-st^ if 
pc^ible/them it^is^likelythat 
adenoviral vectors arv be generated that have low toxicity, that do not 
generate an lrnmune response, and that, therefore, can. bet given 
repeatedly. The latter point is important bemuse adenoviral vectors 
do not integrate and they survive in the cell for a; lirnited time 
(although in non-dividing cells this may be for an extended period). 
The ability to: adniinister the vector repeatedly will bemtical in many 
treatj5ientprotocx>ls, for example in those for haemophilia and cysnc 
fibrosis. Although it would clearly be optirnal tbei^neer vettors that 
domot elicit an immune response, an interim. solution: could 
use transient immunosuppression of the patient to allow repeated 
administration of vectors: Another approach is to blockade costimu- 
latory interactions required for an immune response b fin antigen, 
thereby transiently rihndirig' the immune system, during' vector 
admmistration rand making repeat adrruhistrat^on possible.. 
Adehora&sodated viral vectors. AribtherQNA ^iriisf used in clinical 
trials is the adeno-associated virus (AAV) This « a non-pathogenic 
vktus that; is widespread in the human populatibn (ajbout 80% of 
humans have antibodilBs directed against AAV), Initial interest in this 
virus arbsebecause it istfie only kfipwn marnrmlLan ^vlto ^tstiows 
pr^ferenrjal mte^tion /mto a^specific re^on in raegenome^nib the 
short arm of human chitempsoine I9)» As the vim; does not produce 



disease, its insertion site appears to be a 'safe' region in the genome: It 
would be useful, therefore, to engi neer the sequences "that dictate this 
site-specific insertion into gene-therapy vectors. Unfortunately, the 
present AAV vectors appear to integrate in . a nonspecific manner 3 *, 
although it has been suggested that vectors could be deslgned that 
retain some specificity 7 . 

Even though integration site specificity has not been achieved, 
AAV vectors have been shown to transduce brain, skeletal muscle, 
liver and possibly CD34* blood cells effidently^ 40 . There are several 
drawbacks, however: some cells require a very high multiplicity of 
infection (the number of viral particles per cell required to Achieve 
transduction); the AAV genome is small, only allowing room for 
about 4,8 kb of added DNA; and the production 5 of viral particles is 
stiU very labour taterisive because efficient packaging cells have s nbtyet 
been developed However, these vectors; hold promise and appear to 
be safe. Furthermore; AAV maybe capable bfintegraung into nori- 
dfvidihg cellsi although again this desirable attribute of me wild-type 
virus appears: to be;lost from the vectors, whictr can enter non-drVidf 
ihg celte-biit remain in an episbmal state until cell %is^bn b^urs. 

Otter DMA virus-toasod vectors 

Other DNA viriises are being studied as possible gene-therapy vectors 
for specific situationsi For example* herpes simplex virus (HSV) vec- 
tors have a pro|iensity for transducing cells of the nervous system 414 *, 
as well as several other cell types. A strippeoVdo^ 
called an amplicon, may have certain advantages, particularly when 
cbnibiiM bmer^ 
other DNA virus: vectors are under study mdudrng poxviniscs. 

Several investigators are examining replication-competent, or 
attenuated, viral vectors (both DNA and RItfA) In addition, hybrid 
systems, have been reported where an adenoviral vector is used to 
carry a retroviral vector into a cell that is normally inaccessible to 
retroviral transduction 44 . 

NochvIi^ vectors 

Although viral systems. are potentially very efficient, two fectors sug- 
gest that non-viral gene d<?hvery systems will be the preferred choice 
uv die ruture: safety, and ease of manufacturing A totally synthetic 
gene^del^ 

ducjng recombinant virus or other toxic erTects r engend$red by biblqg- 
ically : active- viral particles: Also, manufacturing a syndetic product 
should^ 

and QA/QG pf ocedures should be simpfified. l^e reader is referred to 
the review on non-viral vectors entitled fDirug dehVery^arid targeting 
by; Robert Langer onpages :SH0 bfthisissuc. 
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CHnhudstiMflw 

At present over 300 clinical protocols have been approved. Detailed 
information is available on the 232 protocols that had been.approvcd 
in the USA as of 3 February 1998 45 (Table 1). 

Only one phase HI and several phase II clinical trials are now 
underway; all the rest.of the approved gene therapy clinical protocols 
are for smaller phase triak Genetic Therapy lncVNovartis is car- 
rying out the phase-Ill clinical trial. The target disease is glioblastoma 
multiforma, a malignant brain tumour 46 . The rationale is to insert a 
gene capable of directing cell killing into the.tumour while protecting 
the normal brain cells. The retroviral vector used (GlTkSvNa) con- 
tains the heornycinf resistance gene as a selective marker and the.her- 
pes simplex thymidine kinase. (HSTk) gene. The actual material 
injected into the turnour mass is a mouse producer cell.Hne (PA31 7) 
which generates retroviral partides carrying-the GlTkSvfcla vector. As 
me only diyidingxclls in the area of a grc^hg brain tumour are the 
tumour cells and tells of the vasculature supplying blood to the 
tumour, and; retroviral vectors only transduce dtyiding cells, the only 
cells to receive the vector should.be the cells of the; tumour and its 
blood vessels. The viral HSTk can add a phosphate group, to a non^ 
phosphprylatcd nucleoside, whereas the endogenous humm thymi- 
dine kinase cannot Therefore, when an abnormal; nucleoside, such as 
the drug-gancidovirr is given 

the HSTk gene will phosphorylate the drugi incorporate it into their 
DNA synthesis machinery arid be killed^ 

In the current phase HI clihical trial, mouse producer cells making 
vectpriparticles carrying the HS^ gene are ^ 
tiunour arid peritiinour areas following turnour resection; After 7 
days, tlie patient is [treated with gancicipvir- 7 . In theory, the tumour 
cells thai nave been transduced with -the vector containing the HSTk 
gene will phosphorylate ganciclovir, die ganciclovir triphosphate then 
blocks the DNA synthesis machinery and kills the cells. 

In fact, at least four distinct mechanisms contribute: to tumpur cell 
death in this protocol. First is; the direct effect of phosphorylated : gan- 
cidovir on. the transduced tumour cells; second is the 'bystander* 
enrcrm which t^ 

houring cells through gap; junctions :and kill: them; ^ ^M^is ; the Jocal 
wflammatory effect caused by the injected mouse cells, and fourth is a 
systemic immune re^onse.lW 

than 40 centres in iNprth America and Europe and is scheduled to 
cnrpl a total of 250j patients.; By the end of December 1 997 pver 200 
patients had been enrolled. 

Several phase II trials are underway testing gene-therapy vectors as 
'vaccines; cither against cancel- or against AIDS 4 *. Vical has two 
active phase II trials using a 

B7/p r microglobulin protein formulated with cationic lipids. Qne 
trial is for metastatic malignant melanoma and the other for head and 
neck squamous cell carcinoma. The concept is /thai an HLA gcne 
(such as B7) (hat the tumpur does not express is injected inty the 
turnour mass and that expression of this foreignrantigen should stim- 
ulate trje immune system to react against the cancer The data, so far 
suggest that the immune system hot only develops a response against 
the . 87 antigen butfllso to other antigens pn^the tumour celfe .thereby 
resul t^g in an 

gen/Chiron has coiiplcte^ a -phase II: trial ofabout inpatients over 2. 
years in which ^retrpyiraj [ vector encoding 0e;«iv:an4 ijsv. gene/seg? 
merits of the?I^tV--]|(I IIB), strain is injected intramuscularly to induce 
augmented anti-HIV cytotoxic T-cell responses as a fcreatment^for 
AIDS. Unfortunate^ deterrniriation qf trife efficacy of this treatment 
was made unpossifile by the advent of triple drug therapy f6r1tt#" 
in fecn' oh,; but rio;e^ 

Finajiy* a comment oh the original adenPsihe deaminase (ADA) 
deficiency gene-thejapy trial 1 * 1 . f&k deflaency/is a rm genetic disor- 
der jhatpiMu^ inlch'd%iidS^jriteg- in 
1990, gene-correct|d autologous. T lymphocytes were given to;two> 
girlssuffeH^ 

loJead/esscntially nor mal lives. Patient ^ received! iftotai of i t 
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infusions, the last being in the summer of 1992. Her total Trcell level 
and her level of transduced T cells have remained esseptially constant 
for the past 5- /z years. She . contracted chickenpox in late 1996 and 
experienced the same clinical course as would have been expected for 
any normal IjO-year-olcL Both she and patient 2 (C.C.). continue to 
receive, polyethylene glycol (PEG)-ADA. Although both girls have 
gene-engineered T lymphocytes in their circulation after more than 7 
ycars> np definitive conclusion can be drawn as to the relative role$ of 
PE&-ADA and gene therapy in their excellent clinical course. 

EthlcttJ Ismos 

Somatic ceil gene therapy for the trea tment of serious disease is now 
accepted; as ethic^ 

side effects from gene-therapy- protocols have been so mMmaVthat' 
thedanger now exists that genetic engineering may be used for non- 
disease conditions, that is fpr functional enhancement or 'cosmetic* 
purposes. The firsttGene fherapy Policy ^nferena organized by the . 
WH RAG focused on thistfssue in September 1997. 1$e condition 
w^ that enhancement to take pplate> aridicOyJid 

slip through;the regulatory process if RAC and the PDA (and similar 
prgari^tipns iii other countries) are not vi^ example, a VS 

bidtechhology company has developed die technology for transferring 
genes, (spedfieally the tyrosinase 1 gene) into hair follicle; cells^'. they 
are now looking for genes that promote hair growth: with the clinical 
objective of reversing the hair loss thatoccuirs after chemotherapy in 
cancer patients: The. application to the FDA for product hcensing 
would hst chemptherapy-induced alopecia as the product indicatipa 
The rislcrTbenefit analysis here Would be very favourable. However, 
once a product is licensed for ;any indication; it can be presenbed by 
physidans for any -b^ 

calfy justified. The result could be milhons.of balding men receiving 
gene therapy to treat their hair loss. Tlie conference concluded that the; 
FDA should use: a risk-benefit analysis that takes into account the 
extcnsrve>oM 

Using genetic engmeering to treat baldness is not a major issue in 
itselfi of course. But this is just one example of how our sodetyiis 
moving 'towards, a slippery slope where genetic engineering rrjigjtft 
very well be used for a broad range of enhancement purposes, includ- 
ing larger she front a growth hormone ;gene> increased! muscle mass 
from a dystrophin gene and so on. If we knew mat ^ 
long-term negative e&cts of genetic engineering, then widespread, or 
even frivolous, use: of genetic engirieering teciuiology ntight notfte 
detrimental But just as with nuclear energy, pesticides and fluorocar- 
bbns, we as^a; society tendito^^ 

by the bad; effects orpur. powerful new technologies. What society, 

wants to do 100 years from how wife 

their biisiness,'but it is our duty to begin the era 

iji as resppnsible-;a mannejr as possible. Until we haye learnediabpui 

the long-term effects of somatic, cell gene therapy in theirs tment of 

disease, we should not use : this technology for. any other purpose than 

where itis medi^y inpUctited M . 

Inuterb somatic gene Aerapy of the fetus will be undertaken fa >tfie 
foreseeable 'future. The same care should be exercised here^as with 
somatic cell gene-therapy protocols for, adults, children and new- 
borns: So. long as only serious disease is targeted and the risic--benefit 
nrtips for botfi mother andfthe fetus are acceptabfe in:Wttro;gene:therr 
a^ should be eltrifcaEy 'appropm gene: therapy should 

not be.nttempted at this time for the reasons.outlined elsewhere^ 5 . 

Aisihfati&^th ^6-^t^'$i^fof r^^ab;use; of '^e^^^t^h^lbr' 
>gies would be the combination of cloning and genetic eng^heeruig. 
This cpmbinaripn has /already been achieved in sheep., w&ere sfib^e: 
ceik;haveb^ fibr^biasts, ^ tr^sduced witt a geri^ 
(human fectpr, YK% and Ae, generengmeered cells grown into living 
sheep produdng human fector DC 3 *. Attempts ^to usesudi techmques 
to produce vgcftetically engineered humans wpuld prpyX)ke , an evetik 
greater epical ^onn, than : Re present suggestion by a:Cr4c^b;scien- 
.tist to done humans: 
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The future 

The ultimate gpal of genc-therapy research is the development of vec- 
tors that can be injected, will target specific cells, .will result in safe and 
efficient gene hansfer into a high.percentage of those cells, will insert 
themserves into appropriate regions of the genome (or will persist as 
stable episomes)vwiil be regulated either by acuninistered agents or by 
the body's own physiological signals, will be cpstteffecdve to manufac- 
ture and will cure disease. As the' number of target cells may be in the 
billions, very high efficiency of gene transfer and the injection of a 
large number of gene-therapy vectors may be necessary. How soon 
can wc expect significant progress in each of these areas? 

The next 5 years should bring the first successes for gene therapy, 
that means statistically significant data that a gene- therapy protocol 
results in significant improvement in the dimcal* condition of patients. 
Within thistime fra^e th^fo^ 

should begin clinical trials arid rissue-spearlc gene expression should 
haVfc made its way into clinical trials. 

In a rime frame pf 5^1 5 ye^rs frpm now, I expect mat the number 
of j^e-tjb^ to tri^e£te r ^ coindd- 

ihg with the enormous increase in characterized genes as: -as result of 
the Human Genome Project The first injectable vectors will reach 
clinical trials and cflRaent lite 

in a few cases, Itvvitl probably take longer to develop site^pecific inte- 
gratjon,,effiaentry regulated genes and the correction t of genes in siw 
1 by means bfihomoIogOus recombination^ Beybriclthis^our imagina- 
tionis the 'limit 

For many gene- therapy applications m the future* it is probable 
that a synthetic; will be used that tncoi^oratesf engi- 

neered virali components for targ^specific binding an^cpre entry, 
irrimunbsuppressive genes f^ 
that allows site-spec^ mte^ 

or an engineered retroviral ihtegrase protein. In addition; regulatory 
.sequences from the targetceU itself Will jfo 

cal control of Expression of the ihserted^genes: Allimesexomppneiits 
would be assem^d m 

rionalmeasures taken to reduce immtinogehicity such as concealnient 
byPEG. 

! Conclusions 

! Gefle merapy ka povrerful new technology thai 
years before it will mak^^ of dis- 

1 ease: Several niajfordefo still exist including poor. delivef y sys- 
tems, both viral and non-viral, and poor gene expression after 
are delivered; The reason for the low efficiency of gene transfer arid 
expression in human patients is that we still lacfea oasic understand- 
ing of how vectors should bexpnstructed, what regulatory sequences 
are appropriate for which cell types, how rn viVoJmfnune defences can 
be overcome; and how to manuracture effiqenMy the vectors that we 
db make It is not suipr^ihg that we have not yet had notable conical 
successes.. Nonetheless; the tessoos we are learning; in thevclrnic are 
invaluable in illuminating the problems that tnture research must 
solve; 

Despite our.present .lack of knowledge, gene therapy, will -almost 
;cert^ly, r^ me&tiiie over mejnext^ years. 

In everV fielid of ^ mecUcme, ,thr abil% to pVerthe patient therapeutic 
genes-offers e^oriduoa^ 

prevent a vast r ange^pft diseases thatnow plague mariiaricl D 
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Abstract 

Over the last decade, more than 300 phase I and 
phase II gene-based clinical trials have been conducted 
worldwide for the treatment of cancer and monogenic 
disorders. Lately, these trials have been extented to the 
treatment of AIDS and, to a lesser extent, cardiovascu- 
lar diseases. There are 27 currently active gene therapy 
protocols for the treatment of HIV-I infection in the 
USA. Preclinical studies are currently in progress to 
evaluate the possibility of Increasing the number of gene 
therapy clinical trials for cardiopathies, and of begin- 
ning new gene therapy programs for neurologic ill- 
nesses, autoimmuno diseases, allergies, regeneration of 
tissues, and to implement procedures of allogeneic tis- 
sues or cell transplantation. In addition, gene transfer 
technology has allowed for the development of innova- 
tive vaccine design, known as genetic immunization. 
This technique has already been applied in the AIDS 
vaccine programs in the USA. These programs aim to 



Introduction 

The advent of gene transfer technology in therapy 
marks its tenth anniversary. The first phase I gene-based 
clinic j I trial dealt with the treatment of adenosine deami- 
nase deficiency, and is now a milestone of experimental 
medicine [I]. The initial success of this clinical trial 
prompted the submission of many other human gene ther- 
apy protocols. Over the last decade, more than 300 phase I 
and phase (I gene therapy clinical trials have been con- 
ducted worldwide for the treatment of cancer 1 2-4], and of 



confer protective immunity against H1V-1 transmission 
to individuals who arc at risk of infection. Research pro- 
grams have also been considered to develop therapeutic 
vaccines for patients with AIDS and generate either pre- 
ventive or therapeutic vaccines against malaria, tuber- 
culosis, hepatitis A, B and C viruses, influenza virus, La 
Crosse virus, and Ebola virus. The potential therapeutic 
applications of gene transfer technology are enormous. 
However, the effectiveness of gene therapy programs is 
still questioned. Furthermore, there is growing concern 
over the matter of safety of gene delivery and contro- 
versy has arisen over the proposal to begin in utero gene 
therapy clinical trials for the treatment of inherited 
genetic disorders. From this standpoint, despite the lat- 
est significant achievements reported in vector design, it 
is not possible to predict to what extent gene therapeu- 
tic interventions will he effective in patients, and in what 
time frame. Stem Cells 2000:18:19-59 



inherited or acquired genetic disorders [3, 4]. The aim of 
these clinical trials was mainly to assess the degree of tox- 
icity of the various gene delivery systems and the constructs 
employed in the study The possible therapeutic efficacy of 
the clinical trials was only a secondary issue, which in 
many cases could not even be determined because of the 
preliminary nature of the study design. In many cases die 
cohorts of patients were already terminally ill at the time of 
the gene therapy intervention, especially where cancer 
patients were being treated. 
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Already in the early 1990s, the first phase of enthusias- 
tic pursuit of gene therapy programs was soon followed by 
a certain degree of skepticism. The level of vector design 
development was not adequate enough to meet all the enthu- 
siastic expectations of the investigators who were involved 
in gene therapy programs at dial time [5]. In the following 
years, research strategies were cautiously planned and an 
enormous effort was dedicated towards die improvement of 
vector design [5]. In this matter, significant advances have 
recently been realized, and they are discussed in this review. 
The standpoint of the current gene therapy research pro- 
grams clearly indicates both the presence of a sober opti- 
mism among scientists, and a more active role of gene 
transfer technology in clinical trials [6-9] for the treatment 
of cancer [2, 3], inherited or acquired monogenic disorders 
[3J, and AIDS [3]. Indeed, gene therapy is one of the fastest 
growing areas in experimental medicine. As of June 1998, in 
die USA there were 244 gene therapy clinical trials that 
were either active or in the evaluation phase by the 
Recombinant DNA Advisory Committee (RAC) of the 
National Institutes of Health (NTH) [3]. Most of these trials 
were either phase I or phase II. In March 1999, the RAC 
reported that 248 human gene therapy protocols were regis- 
trated at the Office of Recombinant DNA Activities. 
Interestingly, ! 73 of these trials are for treatment of cancer, 
36 for monogenic disorders (mainly cystic fybrosis), 27 for 
AIDS and 12 for unspecified other disorders (this informa- 
tion is available at http://ww.nih.gov/od/orda/). This pic- 
ture reflects the worldwide trend. This contrasts with the 
early predictions on the fate of gene therapy, which was 
thought to be primarily employed to treat inherited or 
acquired genetic disorders. Such a dramatic change of pat- 
tern is certainly motivated by the technical difficulties expe- 
rienced in establishing long-term transgene expression in 
humans [10], which is one of the most critical requirements 
for the successful correction of monogenic disorders [5]. In 
addition, gene therapy clinical research for the treatment of 
inherited or acquired genetic diseases is much less likely to 
receive support from pharmaceutical industries, due to the 
rarity of these illnesses. Undoubtedly, pharmaceutical com- 
panies are interested in developing gene therapy programs 
for the treatment of more common pathological conditions. 
This explains, in part, the increase in the numher of cancer 
gene therapy protocols, the beginning of AIDS gene therapy 
programs, and the sudden development of preclinical stud- 
ies for gene-based treatments of cardiovascular diseases and 
neurologic disorders. It has been estimated lhat about 3,500 
patients have been enrolled worldwide in genc-based clini- 
cal trials. It is expected that this figure will increase in the 
next few years. However, the real effectiveness of gene ther- 
apy programs is still in question. After a decade of clinical 
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trials, the therapeutic applications of gene transfer technol- 
ogy are still at a rather preliminary stage [SJ. Despite the lat- 
est improvements reported in the area of vector design, v iral 
and nonviral-based vectors are not sufficiendy developed to 
allow for a large scale application of gene therapy in phase 
HI clinical trials. The purpose of these trials is to assess the 
therapeutic efficacy of the various treatments in patients. 
Preclinical studies are currendy in progress to test the level of 
improvement in the various gene delivery systems. The 
potential applications of gene transfer technology in therapy 
are enormous. As anticipated, the spectrum range of the 
pathological conditions that can potentially be treated com- 
prise cancer [2 J. inherited or acquired monogenic disorders 
[3, 4], AIDS [3], and other infectious diseases. Most likely, 
this spectrum will soon be extended to cardiopathies [5, 10. 
1 1 J, neurologic illnesses [ 1 2-14], regeneration of tissues [15- 
1 7], and allergies [18]. Indeed, some gene therapy clinical tri- 
als have already been carried out for the treatment of 
cardiovascular diseases [19-21]. In addition, gene transfer 
technology is emerging as a powerful tool for innovative vac- 
cine design, which has been termed genetic immunization (5. 
22-32]. The vectors are either based on viral or nonviral gene 
delivery systems, and on mechanic administration of naked 
DNA. The AIDS vaccine programs, which began in the USA 
in 1996, have widely adopted these gene-based immuniza- 
tion techniques in phase I and phase II clinical trials [22-24. 
33], in attempts to confer protective immunity to individuals 
at risk of HIV- 1 infection. Studies are currendy in progress 
to generate more viral vectors to be used in the AIDS vaccine 
programs [34], and develop therapeutic vaccines for patients 
with AIDS [35]. Several research programs are addressing 
the possibility of developing either preventive or therapeutic 
DNA-based vaccines against malaria [29, 30, 32, 36, 37]. 
tuberculosis [26. 32], hepatitis A, B and C viruses [38-45], 
influenza virus [27. 28], Ebola virus [31], and La Crosse 
virus [46]. Interestingly, the same principle of genetic immu- 
nization may be used to treat allergies [18] and autoimmune 
diseases [47, 48], or to prevent the rejection of transplanted 
allograft tissues [49. 50]. 

Anodier line of intervention that has recently been pro- 
posed is in utero gene therapy. These clinical trials envisage 
the treatment and/or prevention of certain inherited genetic 
disorders, which may have catastrophic outcomes in chil- 
dren. This proposal has raised concern and conflict within 
the scientific comunity [51-53]. For the moment, the RAC 
has not authorized in utero gene therapy clinical trials, as 
there are not sufficient data from animal model systems to 
ensure the safety of this procedure in humans. 

There are several motivations for interest in establish- 
ing gene therapy and genetic immunization programs. The 
pursuit of these programs implies an enormous effort by 
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scientists and clinicians. Despite the latest progress 
reported in the area of vector design, research strategies still 
have to tackle critically important issues, such as further 
improvement of gene transfer technology, especially for in 
vivo gene deliver)' applications, regulation and control of 
the transgene expression post-cell transduction, and a vari- 
ety of complex safety matters. These three main issues arc 
to some extent intertwined and pose severe limitations on 
the applications of gene transfer technology in therapy. 

Achievements in Vector Design 

The successful realization of gene therapy programs in 
medicine is highly dependent upon the degree of vector 
design development. This area of investigation has to deal 
with a number of pressing and complex issues in order to 
optimize the performance of gene transfer technology in 
preclinical studies and clinical research. The aspects that 
need to be addressed may be summarized as follows: 

• The transduction efficiency of both viral- and nonvi- 
ral-based vectors must be improved. Also, the pro- 
duction and purification procedures for vectors must 
be optimized. 

• In the matter of gene delivery safety, the first rule is that 
vectors must not be pathogenic or toxic to the patients. 
For this reason, viral vectors have been engineered to 
be noncompetent for replication, and devoid of viral 
factors that may pose a hazard in humans. However, a 
great deal of attention is still drawn to the possibility of 
replication-competent virus formation in patients. 
Another concern is die issue of insertional mutagenesis 
of vectors based on retroviruses or on adeno-associated 
virus (AAV) type 1 or type 2. A rather new aspect that 
has been considered is the possible recombination 
between retroviral-based vectors and human endoge- 
nous retroviruses (HERVs). In order to improve die 
performance of gene trans fcr technology, viral-based 
vectors must be modified in order to reduce their toxic- 
ity and immunogenicity in patients. A number of sig- 
nificant advances have been accomplished in diis 
respect. One study has also raised some concern about 
the immunogenicity of selectable markers [54], which 
normally derive from bacteria. Therefore, the transduc- 
tion of cells of die hematopoietic lineages may lead to 
selectable markers entering the antigen-presenting cell 
pathway. This in turn would render the transduced cells 
susceptible to cytotoxic T lymphocyte (CTL) immune 
responses [54]. Indeed, this principle is the very basis of 
genetic immunization. 

• It is necessary to enhance the targeting and specificity 
of vectors to avoid unpredictable side effects due to 



the ectopic expression of the transgene in normal tis- 
sues. This requirement is essential to generate gene 
delivery systems suitable for in vivo admin istration. 
Most of the human gene therapy protocols currently 
rely on ex vivo gene transfer manipulations, in which 
certain cells or tissues must be removed from the 
patient, transduced in vitro, possibly selected for the 
expression of the transgene, and then reinfused into 
the patient The entire procedure is costly and dis- 
tressful for the patient Health care systems and phar- 
maceutical companies would greatly benefit from the 
possibility of applying gene therapy approaches based 
on in vivo gene delivery, as the therapeutic interven- 
tions are minimally invasive, and may only require 
either an injection or the administration of pills [18]. 
Indeed, the in vivo transduction approach would also 
allow for a broader application of gene transfer tech- 
nology in therapy. Certain pathological conditions 
cannot be dealt with using the ex vivo gene therapy 
approach, as not all cells or tissues can be surgically 
removed. Neurons or cardiac cells are an example. 
However, the in vivo gene therapy approach poses 
many additional safety concerns versus the ex vivo 
one. Recent studies have shown there is a possibility 
that exogenous DNA (transgene and or viral vector 
sequences) may eventually be transmitted to the germ 
line through systematic in vivo administration of viral 
vectors [55, 56]. Sensitive nested polymerase chain 
reaction (PCR) techniques have allowed tor the detec- 
tion of low levels of exogenous viral vector DNA in 
die ovaries and testes of mice, which received sys- 
tematic administration of adenoviral vectors [56]. 
Ninety-four percent of these animals tested positive 
for the presence of adenoviral DNA in the gonads. 
However, after mating the animals diere was no evi- 
dence of germ line transmission of adenoviral DNA in 
die offspring [56]. This issue should also be addressed 
for in vivo retroviral- or AAV-mediated gene transfer. 
These viral vectors may have higher probabilities of 
entering the germ line, as they integrate their chimeric 
viral genome into host chromosomal DNA J5|. 

• In many cases, the possibility of regulating transgene 
expression following cell transduction would be a 
highly desirable feature. This should allow for the 
activation of a transgene when it is needed, the main- 
tenance of transgene expression widiin a therapeutic 
window, and the possibility of silencing a transgene 
if necessary. There have been a number of attempts 
to generate inducible systems. Partial successes have 
been reported in the in vitro system [5. 57-62] and 
animal models [63-67]. However, whether transgene 
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regulation can be achieved in patients is still an open 
question. 

• The possibility of combining gene-based interventions 
with other therapeutics has to be considered. 

A broad arsenal of gene transfer systems is currendy 
avalaible [5] and is still in expansion. The characteristics of 
the main vector systems are described in Table I . Each gene 
delivery system has distinct characteristics and preferential 
applications in therapy [5]. The vectors that have already been 
applied in clinical trials are based on retroviruses [68-72], 
adenovirus [73-78], AAV [79-85], vaccinia virus [86, 87], 
canarypox virus [87], herpes simplex virus (HSV) [88], 
cationic liposomes [89-92], polylysine-DNA complexes [93, 
94], and injection of naked DNA [22, 26, 27, 30]. As antici- 
pated, the pathological conditions with which gene therapy 
has dealt so far comprise: cancer [2], inherited or acquired 
monogenic disorders [3, 4], AIDS [3], and cardiovascular dis- 
eases [19-21]. In addition, vectors based on vaccinia virus, 
canarypox virus, injection of naked DNA and other non viral 
vectors have been used in the AIDS vaccination programs in 
the USA [22-24]. Interestingly, viral-based vectors have also 
been directly administered to patients in order to transduce in 
vivo cells that are capable of processing the transgenc through 
the antigen-presenting cell pathway. In these cases, the trans- 
gene encodes for certain HIV-1 components. The intracellu- 
lar expression of viral antigens within transduced cells 
facilitates the cells' antigen-presenting mechanism. In this 
way various viral epitopes are associated with host HLA 
class I antigens and expressed on the cell membrane to elicit 
the host's CTL immune responses [5]. 

Preclinical tests have been carried out to characterize 
the gene delivery properties of vectors based on foami 
virus [95-97], lentiviruses (such as HIV-I [98-104] and 
feline immunodeficiency virus (FIV) [105-107]), human 
cytomegalovirus (CMV) [108], Epstein-Barr virus [109], 
negative-strand RN A viruses (influenza virus) [110], alpha- 
viruses [111], herpesvirus saimiri [1 12], hybrid adenovi- 
ral/retroviral vector systems [113, 114], and hybrid 
alphavirus/retroviral vector [115]. Other preclinical studies 
are also assessing the level of vector design improvement 
that has been reported for a variety of gene transfer models. 

Vector Systems Based on Retroviruses, 
Lentiviruses and Foami virus 

Retroviruses have attracted a great deal of interest from 
the standpoint of gene transfer applications [5]. Such interest 
is certainly motivated by the characteristics of the biology of 
retroviruses, which belong to the genera of the retmviridae. 
This category also comprises lentiviruses and foami viruses. 
The retroviricluc have a long history of cross-species 



infections [116, 1 17]. They have been responsible for many 
zoonotic events (transmission of infectious agents from ani- 
mals to humans) [116] which indicates that they may be suit- 
able for DNA delivery into humans. The retroviral genome is 
relatively simple [1 18], so it may easily be rearranged to gen- 
erate recombinant viral vector particles which are noncompe- 
tent for replication [5], and which can sustain only one round 
of infection. Retroviral vectors arc mainly based on the 
amphotropic Moloney murine leukemia virus (MLV) [118], 
and have been used in many gene therapy clinical trials for the 
treatment of cancer [2, 5]. inherited or acquired monogenic 
disorders [5], and AIDS [119-1 24] Lentiviral vectors are based 
on HIV-1 [98-104] or on FIV [105-107]. Neither lentiviral- or 
foami virus-based vectors have been used in clinical trials yet 
However, the HIV-1 -based lentiviral vector system is unlikely 
to be approved for clinical trials for a variety of reasons. First 
is the issue of the serum conversion of the patients to HTV-1. 
Secondly, is the production and admin istration of lentiviral 
vector stocks require category three facilities. Third, the large 
quantities of lentiviral vector stocks that have to be produced 
for the clinical trials pose an additional concern in the matter 
of biosafety . Fourth, this vector system is already obsolete, due 
to the development of the FIV-based lentiviral vector system, 
which has circumvented all the above-mentioned issues. In 
fact, FIV has been certified for category* two manipulations, 
and is based on a lentivirus which cannot infect humans. 
Therefore, the serum conversion to FIV does not raise any 
concern. Tire characteristics of the ivtroviridae vector systems 
are summarized in Table I . All these viral vector systems can 
be produced at relatively high titers (10'-I0 7 cfu/ml) [5]. A 
property of retroviruses is that they can only infect dividing 
cells, as they need the breakdown of the nuclear membrane to 
be able to deliver the preintegrauon complex into the cell 
nucleus [125]. Conversely, lentiviruses [98-107] and, to a 
lesser extent, foami viruses [95-97, 1 26] can also infect nondi- 
viding cells. The requirement for active cell division can be 
either an advantage or a drawback for retroviral vectors. The 
selective transduction of dividing cells makes retroviral vec- 
tors suitable for cancer therapy [5]. On die other hand, retrovi- 
ral vectors cannot be used for a variety of therapeutic 
applications, such as neurologic diseases and a number of 
genetic diseases that require the transduction of hepatocytes 
[127], as neurons and hepatocytes do not divide. In all these 
respects, FIV-based lentiviral vectors may find useful applica- 
tions. Indeed, retroviral vectors have been used in a number of 
preclinical studies for liver-directed gene transfer and in some 
clinical trials [127]. The procedure used was based on ex vivo 
or in vivo transduction of hepatocytes. which were induced to 
proliferate by complex and artificial procedures [127]. 
Retroviral-mediated ex vivo transduction relies on stimulating 
cell division by culturing primary* hepatocytes in appropriate 
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media (127]. This approach has been employed in preclinical 
studies for the following genetic diseases: type I tyrosinemia. 
familial hypercholesterolemia and (Xi-antitripsin deficiency 
[127]. One clinical trial was conducted to treat familial hyper- 
cholesterolemia by rctroviral-mediated ex vivo gene transfer. 
The low-density lipoprotein (LDL) receptor gene was intro- 
duced into hepatocytes that had been surgically removed from 
patients, and which were then reinfused into the liver follow- 
ing gene transduction [128, 129]. The procedure was safe but 
there was no convincing evidence of therapeutic efficacy 
[127]. Liver biopsies were removed after treatment, and few 
cells tested positive for the expression of LDL-receptor [127], 
indicating that the transduction efficiency was not high, or that 
transduced cells were lost or eliminated after reinfusion into 
the liver. In vivo rctroviral-mediated transduction of hepato- 
cytes is even more complicated, as it requires artificial regen- 
eration of the liver [ 1 27]. This may be achieved by a variety of 
means: partial hepatectomy, chemical injury, adrriinistration of 
growth-stimulating drugs or vascular occlusion [127]. 
Experiments in animal models have shown efficient retroviral- 
mediated gene transfer into the liver of rodents [127], but a 
poor efficacy of intervention in larger animals such as dogs 
[127]. This is probably due to the different kinetics of liver 
regeneration between large mammals and rodents. In con- 
clusion, in vivo administration of retroviral vectors into the 
liver does not seem applicable to humans. Probably, the 
development of a retroviral vector system based on the 
hepatitis B virus may facilitate liver-directed gene delivery. 
In this respect, a hepatitis B-based retroviral vector is under 
development [130,131]. Interestingly, one study has shown 
successful liver-directed hepatitis B viral-mediated gene 
transfer of green fluorescence protein. In addition, the 
delivery of type I interferon by hepatitis B-based retroviral 
vector has suppressed endogenous wild-type virus replica- 
tion in the duck model of hepatitis B virus infection [131]. 
However, this viral vector system needs further characteri- 
zation, and should also be adapted to the rodent animal 
model before considering its application in clinical trials. 

All die viral vectors based on retroviridae can be used to 
transduce a wide range of cell types. This is due to the fact that 
HIV- 1, FIV and foami virus cores can be pseudotyped with 
the MLV amphotropic envelope or vesicular stomatitis virus 
G (VSV G) glycoprotein (Table I) [132, 133]. Pseudotyping 
with the VSV G glycoprotein also allows for easy purification 
of the various viral vector particles, as they became more sta- 
ble and resistant, so they can be isolated from the cell culture 
supernatants by simple ultracentri rogation [134]. Foami viral 
vectors have a broad cell tropism, even without being pseudo- 
typed with MLV amphotropic envelopes or with VSV G gly- 
coprotein [95-97, 1 26). Interestingly, wild-type foami viruses 
are resistant to complement-mediated lysis [95] and have a 



total insert capacity in the virion of approximately I4kb [95]. 
Conversely, MLV-based retroviral, lentiviral and foami viral 
vectors pseudotyped either with amphotropic retroviral 
envelopes or VSV G glycoprotein are susceptible to comple- 
ment-mediated lysis [135-138] and their total insert capacity 
in the virion is in the range of I Okb [5]. It has been demon- 
strated that packaging cell lines expressing galactosyl(alphal- 
3 galactosyl (alphaGal) sugars generate enveloped viruses 
that arc more susceptible to complement attachment [136]. 
The viral systems analyzed in this study were based on VSV, 
HlV-2 and human foami virus [136]. It has been argued tfiat 
die humoral immune response to alphaGal may be a mecha- 
nism of defense against the transmission of viral agents from 
animals to humans [136], and that viral vectors for human 
gene therapy should be produced from alphaGal-negative cells 
[136J. Another study has reported the production of MLV- 
based amphotropic retroviral vectors resistant to human com- 
plement [139]. This was achieved by expressing hybrid- 
amphotropic envelopes on the viral membrane. These hybrid 
amphotropic envelopes were generated by fusing in frame the 
catalytic domain of the human complement regulatory protein 
decay-accelerating factor with a portion of the envelope [ 1 39]. 

The possibility of concentrating retroviral, lentiviral. and 
foami viral vector particles may improve the transduction effi- 
ciency for both ex vivo and in vivo applications. The protec- 
tion from complement-mediated lysis is particularly required 
for the optimization of in vivo gene transfer models. A num- 
ber of other studies have been conducted to further improve 
the performance of retroviral vectors in preclinical studies and 
clinical trials. A simple approach consists of using enhanced 
green fluorescence protein as reporter gene [140-143]. This 
allows for the rapid detection and isolation of the fraction of 
cells that have been transduced ex vivo. In addition, the green 
fluorescence protein can be readily detected in tissues follow- 
ing infusion of transduced cells into the animals [140, 141]. 
Other strategies to improve the retroviral transduction effi- 
ciency arc based on the artificial induction of cell division. 
This can be achieved in many ways: preincubation of primary 
cultures of hematopoietic stem cells with various interleukins 
(IL-2, IL-3, IL-6) and/or other growth factors or colony- 
stimulating factors [144-146]; combination of retroviral- 
and lipofectAMlNE-mediated gene transfer into stem cells 
prestimulated with IL-2 (in this study, lipofcciAMlNE was 
used to facilitate the delivery of retroviral vectors into the 
target cells) 1 147]; colocalization of retroviral particles and 
hematopoietic stem cells on specific fibroncctin fragments 
(Retronectin) [148]; combination of Retronectin system 
with presiimulation of hematopoietic stem cells with ILs or 
other growth factors [149, 150]. Ex vivo retroviral transduc- 
tion of human hematopoietic stem cells also has several dis- 
advantages. Resides being costly and time-consuming, this 
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approach may introduce some artifacts into hematopoietic 
stem cells. For instance, the in vitro culture conditions may 
impair the ability of transduced hematopoietic stem cells to 
engraft once they are reintused into the subject. This situation 
has already been mentioned for the gene-based clinical trial for 
the treatment of familial hypercholesterolemia, in which the 
target cells were hepatocytes [127]. The tissue culture condi- 
tions for the ex vivo propagation and transduction of human 
hematopoietic stem cells are conducted at nonphysiologic cell 
concentrations, and require the combination of growth factors 
that may induce cell differentiation and, therefore, pose a lim- 
itation to the long-term engraftment of the transduced cells. It 
has been observed that HTV-1- and FIV-based lenti viral vec- 
tors may be more suitable for the transduction of hematopoi- 
etic cells than amphotropic retroviral vectors [98, 100, 104. 
1 07], The ability of lentiviruses to also infect nondividing cells 
may circumvent the issue of prestimulating hematopoietic 
stem cells [151]. Moreover, lentiviruses usually yield higher 
ttansduction efficiency of primary stem cell cultures than 
retroviral vectors [152, 153]. However, an important aspect 
that must be addressed in the matter of lenti viral-mediated 
gene transfer is to establish whether the transfer vector remains 
episomal in the nucleus of transduced cells that are in G t , 
phase. Transgene expression detected following lentivirai 
transduction of quiescent cells may indeed derive from extra- 
chromosomal double-stranded DNA transfer vector. If this is 
the situation, lenti viral transduction of quiescent cells may 
only allow for transient expression of the transgene. 

An important safety issue in the matter of viral-mediated 
gene transfer is the formation of viral-competent viruses in 
patients, which may occur by homologous recombination 
events within die packaging ceil lines. Retroviral vector 
stocks are routinely monitored in clinical trials for the absence 
of replication-competent retroviruses (RCR) [154]. The tech- 
niques are essentially based on sensitive PCR and serological 
enzyme-linked immunosorbent assay [154]. In addition, 
retroviral stocks must be tested for the absence of endotoxins 
and various contaminating agents, such as bacteria and fungi, 
which may be acquired during the propagation of packaging 
cell lines or target cells [1 19, 155]. The purity of the various 
genetic material used in the trial must also be tested [119, 
1 55]. The RCR formation is a rather unlikely event due to the 
design of retroviral vector. The current trend is to produce 
high titer retroviral vector stocks transiently [5] in order to 
further minimize the possibility of recombination events 
among the various retroviral components in the packaging 
cell line. These transient systems are based on three plasmid 
cotransfections of the highly transfectable 293T cell line 
[156]. As reviewed elsewhere [5], the proviral genome has 
been broken down into three parts, and overlapping sequences 
have been mostly removed. The RCR formation is unlikely 



due to the fact that it would require simultaneous rearrange- 
ment among three different plasmids in a specific configura- 
tion in a very limited period of time. The transfection 
procedure usually takes between 48 to 72 h to produce the 
retroviral vector stocks [5]. So far, the retroviral vectors used 
in clinical trials derive from conventional packaging cell lines, 
which were previously approved for clinical applications by 
the U.S. Food and Drug Administration [3, 157]. Studies are 
currently addressing the issue of generating clinical grade 
retroviral vector stocks by transient transfection systems [1 58]. 

Another safety concern is die possible recombination 
between retroviral vectors and HERVs in patients (Table I). 
The human genome contains thousands of HERV sequences 
[159-161], most of which are defective genes. These HERV 
sequences derive from ancient retroviral infections [160] in 
which transmission occurred either in germ line cells or cells in 
the early embryo [1 60, 1 6 1 ]. About I % of the human genome 
is composed of HER V-related sequences [161], and probably" 
more than 10% of the human genome may have evolved 
through reverse transcription mechanism [161]. So far, only 
one HERV has been found that encodes for a complete viral 
particle, which was named HER V-K [1 62]. However, HERV- 
K is not competent for replication [162], The biological rele- 
vance of HERVs deserves further investigation. HERVs have 
some possible advantageous effects in fundamental biological 
processes such as: development and/or differentiation, protec- 
tion from superinfection by exogenous retroviruses, protection 
of the embryo from retroviral infection (germ line vaccination), 
cell fusion, tissue-specific gene expression, alternative splicing, 
and polyadenylation [161]. The potential pathogenicity of 
HERVs cannot be predicted. They may be involved in the 
development of malignancies and autoimmune diseases [161]. 
The envelope of an HERV may either protect the host from 
exogenous retroviral infection in a receptor interference fashion 
[163] or dysregulate the local cellular immunity through a 
superantigen-encoded region, as proposed for type I diabetes 
[164]. A study has observed that the multiple sclerosis-associ- 
ated retrovirus detected in the plasma of patients with multiple 
sclerosis [165, 166] has high homology to an HERV [167], 
which was named HERV-W. Xenotransplantation techniques 
and gene therapy approaches based on retroviridae vectors may 
eventually tamper with the biology of HERVs [161]. Retroviral 
vectors may recombine with HERVs in patients, and generate 
a variety of possible adverse effects. Al this point in time, we 
cannot predict possible adverse effects of recombination due to 
the lack of sufficient information about HERVs. What one can 
expect is the formation of RCR in patients, or the expression of 
HERV genes that were silent prior to gene therapy or xeno- 
transplantation intervention. If such events should occur, most 
likely the subject may develop cancer or become susceptible to 
immune system deregulation. 
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The integration of the retroviral genome into chromo- 
somes allows for stable transgene expression. This stability 
is also due to the low degree of retroviral particle immuno- 
genic! ty. This is in contrast with what has been observed for 
adenoviral-mediated gene transfer, where transgene expres- 
sion is only transient. There are two reasons for the transient 
nature of transgene expression in adenoviral-mediated gene 
transfer. First, the adenoviral genome does not integrate into 
the host chromosomal DNA [5]. Second, the adenoviral par- 
ticles are immunogenic [5] and express leaky adenoviral 
genes that render the transduced cells susceptible to CTL 
immune responses [168-171]. Stable retro viral-mediated 
transgene expression is desirable for the treatment of dis- 
eases that require long-term expression of the transgene, 
such as genetic disorders and neurologic illnesses [5]. 
However, the duration of transgene expression is still not 
optimal. This is because die retroviral long terminal repeats 
(LTRs) are susceptible to methylation in CpG-rich islands, 
which may silence the gene transcription [172, 173]. The 
incidence of this phenomenon depends on the type of trans- 
duced cells and the site of retroviral genome integration 
[1 74]. It has been shown that Spl binding sites may, to some 
extent, prevent the methylation of the promoter [175]. 
Retroviral vectors based on murine embryonic stem cell 
virus (MESV) [176, 177] and on murine stem cell virus 
(MSCV) [1 78] have been engineered to optimize the dura- 
tion of transgene expression in undifferentiated murine 
embryonic and hematopoietic cells [176-178]. To this end, 
the LTRs of the MESV- and of the MSCV-based vectors 
have been modified. In the MESV vectors, the 5'-LTR con- 
tains an extra Spl binding site, which has been introduced 
by a point mutation [176, 1 77]. This has optimized, to some 
extent, the duration of transgene expression in embryonic 
and hematopoietic cells. However, silencing of transcription 
has been observed following the differentiation of embry- 
onic stem cells [1 79]. The MSCV-based vectors, in addition 
to the point mutation that creates an Spl binding site, con- 
tain another point mutation that destroys the binding site of 
the embryonal LTR-binding protein (ELP) [178]. ELP is a 
transcriptional suppressor of the activity of the MLV S'-LTR 
in undifferentiated murine embryonal carcinoma cells [180]. 
These modifications have further improved the performance 
of retroviral vectors in terms of duration of transgene expres- 
sion. However, better evaluation of the exact extent of this 
improvement in in vivo systems is needed. 

The random insertion of the retroviral transfer vector 
has several drawbacks: it may damage the cell genome, 
cause the inactivation of tumor suppressor genes, or induce 
the expression of cellular oncogenes. Probably, this is not 
sufficient to generate a neoplasia, as cancer is a multistep 
process which requires a combination of genetic alterations 



and the expression of cellular and/or exogenous oncogenic 
factors [181 ]. However, if the transduced cells should he 
genetically impaired by the random insertion of the viral 
vector's genome, this would at least predispose the cells to 
undergo to neoplastic transformation. To date, human gene 
therapy protocols have been applied only to a limited num- 
ber of patients, and most of them did not have a long life 
expectancy. An important question is what happens if retro- 
viral -media ted gene transfer is applied to larger scale clini- 
cal trials and subjects who have a life expectancy in the 
range of some decades? The current development of pre- 
ventive cancer prognosis cannot answer this question, so it 
is not possible to properly assess the ratio of benefit to risk 
for all the patients. A recent study has addressed the issue 
of cell transformation induced by retroviral-niediated gene 
transfer in an in vitro system [182]. Mouse fibroblasts 
BALB/c-3T3 cells were transduced with a retroviral vector, 
and the trans formation frequency was compared to that of 
the untransduced cells [182]. The parental cell line under- 
goes spontaneous transformation that is in the range of 1 I 
x 10" 5 [183]. In this study, the transformation rate of retro- 
virally transduced BALB/c-3T3 cells was in the same range 
[182]. The number of integrated proviral copies per cell 
genome varied from one to six, depending on transduction 
efficiency [182]. So, improved transduction efficiency is 
correlated with better transgene expression, which in turn is 
due to the higher number of integrated retroviral transfer 
vector's copies per cell genome. But this is also propor- 
tional to the higher risk of mutagenic events. Previous stud- 
ies on retroviral-induced mutagenesis in mammalian cells 
have found a ratio of ' mutations versus insertional events" 
which ranged from 10 9 to 10 5 [184-189]. Such variability 
indicates that the ratio of mutations per insertional events 
depends on the cell type and assay system. This ratio should 
be established for human primary lymphocytes, which nor- 
mally are not retrovirally transduced as efficiently as mouse 
fibroblasts [182, 190, 191] or other cultured cell lines [191). 
However, the lower transduction efficiency, per se, does 
not guarantee a lower ratio of "mutations versus insertional 
events" in human primary lymphocytes. All these findings 
suggest that in the design of clinical protocols using retro- 
viral-mediatcd gene transfer, the average number of inte- 
grated viral genomes should be carefully evaluated. Such a 
procedure is feasible for ex vivo retroviral-mediated gene 
transfer, but not for the in vivo administration system. 

Overall, the in vivo administration of retroviral vectors 
poses a number of additional safety concerns and technical 
limitations if compared to the ex vivo gene transfer model. 
To pursue the goal of safe and efficient in vivo retroviral 
transduction, it is necessary to generate tissue- or cell-spe- 
cific retroviral vectors, which can integrate their genome in 
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safe cell chromosomal sites. The latter issue has never been 
tackled, whereas the engineering of ecotropic-based retro- 
viral vectors with altered cell tropism has attracted much 
attention [5], but all the attempts had little success. The 
chimeric retroviral particles that have been produced have a 
low transduction capacity [5], or even fail the gene transfer 
process [192]. To date, the ex vivo retroviral-mediated gene 
transfer model is more realistic than the in vivo one. 
although it is not optimal for gene therapy applications. 
Also, from the standpoint of safety concern, die ex vivo 
procedure can be more easily monitored. 

Adenoviral Vectors 

There has been a remarkable increase in gene therapy 
clinical trials based on adenoviral-mediated gene transfer over 
the last three years [193]. For instance, of 170 gene therapy 
clinical trials registered with the NIH RAC in 1 996, only 1 5% 
relied on adenoviral vectors [1 93]. In the following two years, 
91 new human gene therapy protocols were submitted to the 
NIH RAC, and 32% of them were based on adenoviral-medi- 
ated gene transfer [193]. This finding reflects the improve- 
ment in adenoviral vector design, which has allowed for a 
wider application of adenoviral-mediated gene transfer in pre- 
clinical studies and therapy. As previously reviewed [5], the 
first recombinant adenoviral vectors were engineered in 1985. 
and were based on serotype 2 or 5 [73-75], due to the fact that 
these two adenoviral serotypes are not associated with severe 
illnesses and do not cause tumors in animals, in contrast to die 
other serotypes. The first applications of adenoviral vectors in 
gene therapy clinical trials were conducted in the early 1990s 
for the treatment of patients with cystic fibrosis [194]. Now, 
adenoviral vectors are widely employed in human cancer 
gene therapy [2] and some other somatic gene therapy clini- 
cal trials [195]. Adenoviral vectors have a number of positive 
characteristics (Table I ): they can also transduce nondividing 
cells; they can be produced at very high titers of 10'° pfu/ml, 
and easily concentrated to 1 0 12 pfu/ml; it is possible to achieve 
high levels of transgene expression, but only transiently; and 
they have a large insertional capacity for foreign genes, which 
is in the range of 7-8 kb (about 6% of the wild-type adenovi- 
ral genome). If the genome of the adenoviral vector is prop- 
erly deleted, it is possible to accomodate into the virion DNA 
fragments even bigger than 7-8 kb, depending on the size of 
the deletion [5]. In addition, adenoviral vectors based on 
serotype 5 may be excellent for liver-directed gene therapy 
approaches, as the adenovirus serotype 5 is preferentially 
localized in the liver post-intravenous injection of rodents 
[196, 197], All these properties make adenoviral vectors a 
very attractive gene delivery system, which could potentially 
be employed in a variety of pathological conditions, such as 
neurologic disorders, cardiopathies, inherited or acquired 



monogenic diseases, and cancer. Unfortunately, the current 
design of adenoviral-mediated gene transfer is affected by 
some drawbacks, which severely limit the applications of ade- 
noviral vectors in preclinical studies and therapy (Table I). 
Firstly, adenoviral vector particles are highly immunogenic in 
the host [5]. This is a significant obstacle to improving aden- 
oviral vector design. Besides eliciting inflammatory and toxic 
reactions in die host, immunogenicity is also responsible for 
the depletion of adenoviral^ transduced cells [198-203], and 
may also reduce the efficacy of adenoviral-mediated gene 
transfer readministration to the patients. In fact, adenoviral 
particles are also susceptible to humoral immune responses, 
which may neutralize most of the vector load before the 
gene transfer is carried out [204]. The issue of humoral 
immune responses is even more complicated in patients, as, 
in most cases, they already have an acquired immunity to 
adenoviruses prior to the gene therapy intervention. 
Immunogenicity derives from leaky expression of adenoviral 
early genes (El, E2, E3 and E4) following adenoviral cell 
uansduction [5]. The deletion of El gene is essential for gen- 
erating replication-defective adenoviral vectors [205]. El 
functions arc supplied in trans by a cell line that is stably 
transformed with the adenoviral El gene [206]. Secondly, the 
oansgene expression can only be transient, because aden- 
oviruses do not integrate their genome into the cellular chro- 
mosomial DNA [5, 207]. If such an event should occur, it 
would just be fortuitous [204]. Therefore, both immunogenic- 
ity and lack of adenoviral genome integration into the host's 
chromosomal DNA contrive to suppress long-term transgene 
expression of adenoviral-mediated gene transfer. Taken 
together, these properties limit the application of adenoviral- 
mediated gene transfer for the treatment of pathological con- 
ditions that require a long-term transgene(s) expression, such 
as inherited or acquired monogenic disorders, neurologic ill- 
nesses and cardiovascular diseases. From the standpoint of 
gene-based cancer therapy, adenoviral vectors are useful, pro- 
vided mat inflammatory and other toxic reactions in patients 
are carefully monitored. One goal of cancer therapy is the 
selective destruction of neoplastic tissues and cells. This may 
be accomplished by a variety of means [2], and on a transient 
basis, followed by systematic administration of adenoviral 
vectors carrying the appropriate transgene. Another advan- 
tage of adenoviral vectors in cancer gene therapy is thai they 
can transduce neoplastic cells regardless of their mitotic sta- 
tus. In most of the cancer gene therapy clinical trials, aden- 
oviral vectors have been administrated in vivo [2j, and have 
been used to deliver drug-sensitivity genes, such as the herpes 
virus timidinc kinase [2, 208-210], immunomodulators such 
as IL-2 [2, 2 1 1 ], melanoma tumor antigens, such as MART- 1 
[2] or gplOO [2], or tumor suppressor genes, such as /.oJ 
[2. 212, 213]. The neoplasias that have been treated so far 
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with adenoviral-bascd gene transfer include: melanoma [2], 
prostate [2, 209], mesothelioma [208, 210. 214]. metastatic 
colorectal carcinoma in the liver [2 1 3], lung cancel [212], neu- 
roblastoma [2], glioblastoma [2], ovarian cancer [2]. and squa- 
mous cell carcinoma of the head and neck [2]. 

Although adenoviral vector technology has been consider- 
ably improved in terms of gene transfer applications, the main 
issue of vector design remains the avoidance of immune 
responses. This problem has been tackled from different 
angles. A number of studies have designed new generations of 
adenoviral vectors. In this respect, two types of approches 
have been pursued: deletion of EI, E2 and E4 genes in order 
to avoid the expression of immunogenic viral proteins within 
transduced cells [127]; and overexpression via a strong con- 
stitutive promoter of the E3-encoded 19 kDa glycoprotein 
(gpl9K) in adenoviral vectors lacking the El gene [215, 216]. 
The latter approach has provided encouraging results in terms 
of more stable transgene expression in the liver [215, 216] or 
in die lung of rodents [215]. The function of the E3-encoded 
gpl9K is to inhibit the transport of the major histocompatibil- 
ity complex class I molecules to die cell membrane [216]. This 
results in impairment of the antigen-presenting cell mecha- 
nism, which avoids the clearance of adenovirally transduced 
cells by CTL immune responses [21 7, 21 8]. 

Adenoviral vectors lacking E2a function and the El gene 
have allowed for a prolonged but transient, transgene expres- 
sion in the liver of mice [219], and in correcting the pheno- 
type of ornithine carbamyl -transferase deficiency in a murine 
model [220]. E2a gene expression was neutralized by muta- 
tions that rendered the adenoviral protein temperature-sensi- 
tive [219, 221]. The combination of El and E4 adenoviral 
gene deletions has required the construction of helper cell 
lines to supply the E4 functions [222, 223]. The results that 
have been obtained in the animal model are rather contradic- 
tory. One study has shown significantly longer transgene 
expression for the double El + E4 deletion compared to the 
single E I -deleted adenoviral vector system [224], if the trans- 
gene is not per se immunogenic [225]. Conversely, other stud- 
ies comparing the double El and E4 deletion and the single 
El -deleted adenoviral vector systems have either reported no 
substantial benefit in removing the E4 gene [223], or even a 
detrimental effect on the duration of the transgene expression 
for the E I and E4 deficient system [227]. A variety of factors 
may be involved in the generation of such contrasting results 
[ 1 27]. One could be the innate immunity of the animal model 
used in the study [228]. or the route of adenoviral vector 
administration [229], which may also cause the depletion of 
the adenoviral genome. This underlines the importance of 
designing and conducting in vivo studies under more uniform 
conditions in order to avoid dramatic disparities of results 
among different groups of investigators. However, if minor 



differences in the modality of administration of adenoviral 
vectors and genetics of the animal models affect the results 
of the studies, even greater difficulties should be expected in 
applying adenoviral vectors in clinical trials. Studies are still 
in progress to further characterize and evaluate the benefi- 
cial role of sequential and combined deletions of early aden- 
oviral genes in terms of suppression of immunogenicity 
related to adenoviral-mediated gene transfer. Interestingly, 
recent reports have revealed that open reading frame 3 (ORF3) 
of the gene E4 is required for the persistent expression in vivo 
and in vitro of a transgene regulated by an internal CMV pro- 
moter [230, 231]. In one study, the adenoviral vector system 
lacks El , E2a, E3 and E4 except the ORF3 [23 1 ], whereas the 
other study has addressed the (unctions of ORF3 and of ORF4, 
ORF6 and ORF6/7 of E4 gene in die context of an adenoviral 
vector lacking El and E3 [230]. 

Other strategies have been considered in order to mini- 
mize the adverse effects of immune responses related to aden- 
oviral-mediated gene transfer. Basically, these alternative 
approaches consist of reducing the administration load of the 
adenoviral vector into the patients, by developing high-effi- 
ciency transgene expression vectors combined with short-term 
immune suppression of the subject [203, 232], and/or by gen- 
erating chimeric adenoviral capsids, with the intent of enhanc- 
ing the binding affinity for the target cells [5]. This may be 
achieved by different means. One possibility is the engineering 
of an adenoviral vector type 5 carrying the fiber genes of the 
adenovirus type 7 [233, 234]. This chimeric capsid has an 
enhanced binding affinity for human lung epithelial cells [233, 
234], but it is not suitable for efficient liver-directed gene 
transfer. An interesting observation is that the fiber swapping 
between adenovirus type 5 and type 7 may also affect the intra- 
cellular trafficking of the adenoviral transfer vector [234]. 
Another chimera was generated by engineering an adenoviral 
vector type 2 expressing the fiber gene of the adenovirus type 
1 7, in order to optimize targeting to human airway epithelium 
[235], which is refractory to the adenovirus serotype 2 infec- 
tion. It has been demonstrated that efficient adenoviral-medi- 
ated gene transfer to the human airway is contingent upon 
<xVp5 integrin expression [236]. Another possibility that has 
been explored is the production of adenoviral vector particles 
with altered cell tropism, in which exogenous genes are intro- 
duced into the adenoviral capsid [237-242 1. In one of diese 
studies, die insertion of an Arg-Gly-Asp (RGD) motif into the 
fiber gene of an adenoviral vector has generated a chimeric 
vector of expanded cell tropism, and widi enhanced transduc- 
tion efficiency for primary tumor cells [238]. Another study 
has shown a remarkable increase of adenoviral transduction of 
muscle cells by fusing in frame a polylysine moiety to die fiber 
protein of the adenoviral capsid [243]. Odier attempts to opti- 
mize the adenoviral transduction in vivo consist of combining 
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adenoviral vectors with non viral gene delivery systems, such 
as: lipofectAMINE to enhance the transduction of human T 
lymphocytes [244} (an analogous approach has already been 
mentioned for retroviral vector transduction [147]); poloxamer 
407 to facilitate percutaneous adcno viral-mediated gene trans- 
fer [245]; and polyethylene glycol (PEG)ylation of adenoviral 
particles to protect them from neutralizing antibodies both in 
vitro and in vivo systems [246]. The latter study has brilliantly 
addressed the issue of humoral immune responses to the read- 
ministration of adenoviral vectors in the murine model [246]. 
In this study, the adenoviral capsid has been masked by PEG 
to prevent the attachment of neutralizing antibodies. PEG has 
been covalently bound to the capsid via activated tresyl- 
monomethoxypolyethylene glycol, which preferentially 
reacts with the amino terminal of lysine residues [246]. 
These PEG-modified adenoviral vector particles were effi- 
ciently protected from humoral immune responses after read- 
ministration to the lungs of mice [246]. A recent study has 
addressed the issue of improving the long-term expression of 
adenoviral vectors by engineering a hybrid adenoviral/ AAV 
vector system [247]. This approach parallels the previously 
mentioned adenoviral/retroviral hybrid vector system (113, 
114]. The difference is that the adenoviral vector delivers 
into the animal an AA V-bascd vector that also can transduce 
nondividing cells [247]. 

Other safety issues related to adenoviral-mediated gene 
transfer are related to the possible formation of a replication- 
competent adenovirus, and to the previously mentioned dis- 
semination of adenoviral vectors to the gonads, which may 
potentially result in trasmission to die germ line [56]. A study 
has raised an interesting point about the possible higher prob- 
ability of replication-competent adenovirus formation in 
large scale production of adenoviral vectors [248]. 

AAV-Based Vector 

AAV is a nonenveloped human single-stranded DNA 
virus that belongs to the genera of the Parvoviridae and does 
not seem to be associated with any human disease [249]. 
There are five human AAV serotypes. AAV-based vectors 
are usually based on serotype I or 2. They can transduce a 
wide variety of cells derived from different tissues [250], 
including nondividing cells [79, 85] and hematopoietic stem 
cells [251], although a substantial variability in transduction 
efficiency among different cell lines has been observed. In 
addition, AAV vectors may allow for stable transgene expres- 
sion, following integration of the viral genome into the cellu- 
lar chromosomal DNA [252]. Interestingly, wild-type AAV 
has the capability of integrating its genome specifically into 
the q arm of chromosome 1 9, between q 1 3.3 and qter [80-84]. 
Unfortunately, this desirable property is not conserved in 
recombinant AAV vectors [5], raising the problem of possible 



insertional mutagenesis (Table I). AAV has a small genome 
of 4.7 kb. The insertional capacity for foreign genes is limited 
to the range of about 4 kb. In some studies, transgenes had to 
be truncated to be adapted to the AAV vector system. The life 
cycle of AAV consists of two phases: latent infection and lytic 
phase. Entry into the lytic phase is caused by superinfection 
of latently infected cells, or by the coinfection of an aden- 
ovirus or a herpesvirus [253-255]. Recombinant AAV vector 
stocks are usually generated by infecting the AAV packaging 
cell line with an adenovirus. The lytic infection of AAV is 
triggered by the adenoviral early genes El and E4 [256]. 
Recombinant AAV vectors can be produced at high titers, 
such as 10'° cfu/ml, but it is rather difficult to obtain pure 
stocks that are helper virus-free. This poses a limitation to die 
application of AAV-mediated gene transfer in clinical trials. 
Recombinant AAV vector systems have been engineered fol- 
lowing the same routes used for retroviral vectors. The AAV 
transfer vector is devoid of all the viral genes, except for two 
inverted terminal repeats (ITRs). The AAV transfer vector 
may contain cither a marker gene or therapeutic factor. 
Another plasmid contains the AAV rep and cap genes, which 
encode for AAV packaging components and are under the 
control of a constitutive promoter. The H"Rs have been 
removed from this plasmid. The highly transfectable 293 cell 
line is used as packaging cell line. The AAV transfer vector 
and the AAV packaging construct are simultaneously cotrans- 
fected in 293 cells, which are then infected with adenovirus in 
order to activate replication of the recombinant AAV vector. 
The mechanism of viral entry into the target cells has recently 
been elucidated for AAV type 2 [257, 258]. It was found that 
AAV type 2 first binds to heparan sulfate proteoglycan [259], 
and then binds to aV(}5 integrin [257, 258]. This finding 
explains the broad cell tropism of AAV, and the variability 
observed in transduction efficiency among various cell lines, 
especially for primary human hematopoietic stem cells [260]. 
Neither low efficiency nor even the failure of transduction of 
certain target cells are originated by lack of AAV binding to 
the cell membrane [258]. for instance, the murine NIH3T3 
cell line is refractory to AAV infection, despite efficient bind- 
ing of the virus to the cell membrane via heparan sulfate pro- 
teoglycan receptor [258]. Therefore, the differential 
distribution of otV(35 AAV coreceptor among various cell 
lines accounts for the transduction efficiency variability 
observed for AAV-mediated gene transfer. The identification 
of the exact steps of viral entry may have important implica- 
tions for optimizing gene transfer applications, apart from the 
prevention of viral infection. An example is the finding thai 
expression of aVp5 integrin is an essential requirement for 
efficient adenoviral-mediated gene transfer to the human air- 
way [236]. To this end, as already mentioned, adenoviral vec- 
tors based on serotype 5 have been genetically engineered to 
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express fibers of serotype 7, which bind to aV(J5 integrin with 
higher affinity than the fibers of serotype S [233, 234]. A 
study has demonstrated that the capsid of AAV type 2 can 
also be genetically modified by introduction of short foreign 
genes [261]. Specifically, a 14-amino-acid peptide containing 
a RGD motif was inserted into the AAV cap gene, in order to 
confer to the virion an altered cell tropism to infect cells 
refractory to AAV type 2 infection, such as mouse melanoma 
B16F10. The transduction efficiency of the chimeric AAV 
vector was estimated by LacZ reporter gene expression in 
B16FI0 cells to be in the range of 10 4 cfii/ml [261]. Another 
report has generated a gross hybrid system by fusing in frame 
a single chain antibody with the AAV type 2 capsid to target 
the CD34 molecule [262]. The transduction efficiency of the 
chimeric AAV vector was about 10 2 cfii/ml in CD34* cells 
[262]. An aspect that is going to be investigated is the low- 
efficiency of recombinant AAV vectors in transducing airway 
epithelial cells [263]. Epithelial cells express the aV(J5 inte- 
grin, which is the coreccptor for AAV type 2. Indeed, the lev- 
els of <XVP5 integrin expression allow for an efficient 
transduction of airway epithelial cells by adenoviral vectors 
carrying the fibers of serotype 7 [233, 234]. One hypothesis, 
which may account for the inefficient AAV-mediated gene 
transfer to airway epithelial cells, is that AAV vectors 
encounter a physical barrier of negatively charged molecules, 
such as mucins and glycosaminoglycans [263]. The improve- 
ment of AAV-mediated gene transfer to the airway epithelial 
cells has important implications for the development of gene 
therapy programs for the treatment of cystic fibrosis. Another 
study has tackled this problem by systematic administration 
of recombinant AAV vectors based either on type 2 or type 3 
through bronchoscopic delivery in rabbits [264]. The results 
of this study have indicated that the procedure was safe, as no 
significant inflammatory responses were observed in rabbits. 
In addition, the transgene expression was efficient despite the 
level of neutralizing antibodies to AAV detected in the serum 
of rabbits [264]. 

The elucidation of the AAV type 2 entry mechanism into 
the target cells has been a breakthrough in the field of vector 
design. Besides providing useful information about how to 
improve the transduction efficiency for certain cell types, the 
identification of viral receptors may also be applied for the 
purification of recombinat AAV vectors, in order to obtain 
clinical-grade preparations [265]. 

N on viral Vectors 

Gene delivery systems based on nonviral vectors mainly 
comprise cationic liposomes [89-92, 272], DNA-protein 
complexes [93, 94] and mechanic administration of naked 
DNA [22, 26, 27, 30]. These systems are relatively easy to 
manipulate. Nonviral vectors are not infectious and are not 



very toxic. Furthermore, nonviral vectors allow for the 
delivery of large DNA fragments and are also particularly 
suitable to deliver oligonucleotides to mammalian cells, 
which is an excellent feature for the application of antisense 
strategies to downregulate the expression of certain genes 
(Table I ). Antisense strategies can be applied to a variety of 
pathologic conditions, including cancer, infectious diseases, 
and to prevent the rejection of allograft transplantation of 
organs [226]. In addition, as already mentioned, liposomes 
have been used to enhance the gene delivery efficiency of 
retroviral [147] and adenoviral vectors [244]. 

A number of obstacles have severely limited the applica- 
tion of non viral-based vectors in therapy and preclinical stud- 
ies [5]. The lack of specific targeting, the low transfection 
efficiency and the fact that transgene expression is only tran- 
sient make difficult the in vivo applications of nonviral gene 
delivery systems. In addition, the unmethylated CpG islands 
of bacterial DNA elicit strong host immune responses [32, 
266]. Furthermore, the liposome-mediated delivery of plas- 
mid DNA enhances the immune responses to unmethylated 
CpG motifs more man the injection of plasmid DNA alone, 
probably because liposomes increase the cellular uptake of 
DNA. This is positive for genetic immunization purposes, 
but it is a considerable drawback to many other in vivo appli- 
cations. The employment of cationic liposomes for the deliv- 
ery of plasmid DNA was not succesrul in the early gene 
therapy clinical trials for the treatment of cystic fibrosis, due to 
inflammatory reactions that were observed in the patients, 
which are also responsible for the inactivation of the transgene 
[267]. A recent study has circumvented this issue in an animal 
model by combining the administration of cationic liposomes 
with immunosuppressive drugs [268]. Other approaches may 
be based on the removal and/or methylation of CpG motifs in 
the plasmids, but this will cause the silencing of the promoter. 
The utilization of nonviral promoters has also been consid- 
ered, but the alternative is mammalian housekeeping gene 
promoters, which are too weak. 

Recent studies have reported significant success in 
improving the in vivo performance of nonviral gene deliv- 
ery systems [18, 269-271]. These improvements have been 
achieved by developing new f formulations of cationic lipo- 
somes, or of other composite nonviral vector systems. 
Interestingly, one study has generated an oral vaccine that 
was made of DNA nanoparticles complexed with chitosan, 
which is a natural biocompatible polysaccharide [18], The 
aim of this study was to prevent peanut-induced anaphylaxis 
in a relevant murine model [18]. This goal was successfully 
achieved by oral administration of a DNA vaccine encoding 
for the Arahl gene, which is the main peanut allergen. The 
function of chiiosan was to preserve die DNA until it 
reached the intestine [18]. A similar approach was adopted 
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in another study in which the plasmid DNA was complexed 
with atccollagen, a biocompatible polymer [269). 

Conclusion 

The improvement of vector design has allowed for a 
broader range of therapeutic applications for gene transfer 
technology. Gene therapy has a more active role in clinical tri- 
als, and diere has been a dramatic increase in the number of 
preclinical studies for gene therapy and genetic immunization 
programs. However, the degree of vector development is still 
not sufficiently adequate to meet all the requirements for phase 
f f I clinical trials. The field of vector design has to address very 
difficult tasks from the standpoint of improvement of the trans- 
duction efficiency and safety precautions. The assessment of 
the risk/benefit ratio can be to some extent predicted only for 
limited cohorts of patients, who usually have poor clinical out- 
comes and short life expectancy at the time of the enrollment 
in gene therapy clinical trials. The application of gene-based 
interventions to other subjects is likely to be obstructed by an 
unfavorable risk/benefit ratio. In addition, the assessment of 
the risks associated with administration of viral-based vectors 
appears more complicated than previously thought. A num- 
ber of complex issues must be addressed to evaluate the 



probability of having adverse effects in patients related to the 
treatment, and to establish the extent of the possible harm that 
patients may sustain. So far. the safety issues that have been 
considered are related to the immunogenicity of the vectors, 
the formation of replication-competent viruses in patients and 
the presence of contaminating agents in the vector prepara- 
tions. Other pressing safety issues are related to insertional 
mutagenesis, possible recombinations between retroviral vec- 
tors and HERVs, and transmission of viral and other exoge- 
nous DNA to the genu line. To date, it is not easy to assess 
exactly all diese risk factors. The nature of the risks associated 
with gene therapy treatments must be established and mini- 
mized as much as possible, in order to have a more positive 
risk/benefit ratio in favor of intervention. When all the require- 
ments for more efficient gene delivery and safer therapeutic 
applications are met, gene transfer technology will become an 
accepted reality in the clinical setting. 
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Abstract 

Gene therapy has attracted much interest since the 
first submissions of phase I clinical trials in the early 
1990s, lor the treatment of inherited genetic diseases. 
Preliminary' results were very encouraging and prompted 
many investigators to submit protocols for phase I and 
phase II clinical trials for the treatment of inherited 
genetic diseases and cancer. The possible application 
of gene transfer technology to treat AIDS, car- 
diopathies, and neurologic diseases is under evalua- 
tion. Some viral vectors have already been used to 



Introduction 

The interest in gene therapy can be dated back to the mid- 
1960s, well before the advent of recombinant-DNA technol- 
ogy. At that time, the first speculations about the possible 
treatment of genetic disorders by introducing functional genes 
via viral-mediated gene transfer had already arisen [I]. This 
hypothesis became a reality in 1990, with the first phase I gene 
therapy clinical trial for the treatment of adenosine deaminase 
(ADA) deficiency [2]. The results were very encouraging. The 
two young girls who participated in die clinical trial fully 
recovered from the disease after the treatment and remained 
asymptomatic, although they are still on enzyme supplementa- 
tion. This preliminary study can be considered an important 
event, as it may sanction the advent of gene transfer teclinol- 
ogy in medicine. This first gene therapy clinical trial was 
rapidly followed by many others across die USA and world- 
wide. Between 1989 and 1994, about 100 protocols were 
approved worldwide for the gene-based therapy of inherited 
genetic disorders [3], All these protocols were phase 1 clinical 
trials and assessed primarily the degree of toxicity of the vari- 
ous constructs used in the studies rather than evaluating their 



deliver HTV-1 subunits to immunize volunteers who are 
participating in the AIDS vaccine programs In the USA. 
However, gene delivery systems still need to be opti- 
mized in order to achieve effective therapeutic interven- 
tions. The purpose of this review is to summarize the 
latest achievements in improving gene delivery systems, 
their current application in preclinical studies and fin 
therapy, and the most pressing issues that must be 
addressed in the area of vector design. Stem Cells 
1999;17:191-202 



therapeutic efficiency in patients. The genetic illnesses 
treated in these phase I clinical (rials comprised: ADA defi- 
ciency, cystic fibrosis, hemophilia B, alpha- 1 -antitrypsin 
deficiency, Fanconi's anemia, Gaucher 's disease, Hunter 
syndrome, and LDL-receptor deficiency. 

Also in 1990, the first gene therapy clinical trial for the 
treatment of patients with melanoma [4] was conducted. The 
results of this study indicated that retroviral-mediated gene 
transfer in patients was safe. This finding prompted the sub- 
mission of many other protocols for gene therapy clinical 
trials to treat patients affected by cancer, primarily in the 
area of melanoma [5-10]. followed by ovarian carcinoma 
[11], sarcoma [10], brain tumor 1 1 2], and lung cancer [13]. 

There is also a strong interest in beginning gene therapy 
clinical trials for the treatment of patients with AIDS, car- 
diopathies, and neurologic diseases. Indeed, gene transfer 
technology has already been applied in the phase I and phase 
II trials for the AIDS vaccine programs, which have recently 
begun in the USA [14-16). These vaccine programs are aim- 
ing at inducing both humoral and cytotoxic T lymphocyte 
(CTL) immune responses to I II V- 1 in an attempt to eradicate 
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There is an enormous variety 
of possible applications of gene 
transfer in therapy. 



the virus from the patients and to develop protective immu- 
nity to HIV-I transmission in healthy individuals who are at 
risk of infection. In order to elicit CTL immune responses, 
the viral antigens must be intraceliularly processed within 
target cells to express various peptidic epitopes associated 
with host HLA class I antigens on the cell membrane. This 
may be achieved by gene transfer technology, such as viral 
vectors carrying HIV-I genes [14-16], or naked DNA (14. 
15, 17]. Humoral immune responses are normally directed 
at the HIV-I envelope, whereas HlV-1 specific CTL are 
usually against gag, pol, or nef [18]. 

To date, the viral vectors used in the AIDS vaccine pro- 
grams in humans and primates are vaccinia virus and 
canarypox virus [ 14]. Other viral vectors based on Semliki 
Forest virus, rhinovirus, 
and poliovims are cur- 
rently under develop- 
ment [14]. Vaccinia 
viral vector has been 
engineered to deliver 
HIV-1 envelope (gp!20 

or gpl 60) together with 

the p24 subunit of gag (gag p24) [14], whereas the canary- 
pox-based viral vector has been used to deliver only gag 
p24 [14]. Subunits of pol and nef have not been tested yet. 

Hopefully, this innovative HIV-1 vaccine design will 
overcome the complex issue of viral diversity, which, 
besides posing a key obstacle to the development of vac- 
cines to HIV-I [19], displays a fundamental role in the 
pathogenesis of AIDS [20, 21]. 

There is an enormous variety of possible applications 
of gene transfer in therapy. As already anticipated, the 
spectrum ranges from the treatment of inherited or 
acquired genetic disorders to cancer, AIDS, cardiopathies, 
and neurologic diseases. This is strongly encouraging to 
the pursuit of gene therapy programs in medicine. 
However, after a first phase of enthusiastic research devel- 
opments, the expectations of investigators are now more 
sober. Although much effort has been directed in the last 
decade toward improvement of protocols in human gene- 
therapy, and in spite of many considerable achievements in 
basic research, the therapeutic applications of gene transfer 
technology still remain mostly theoretical. The weakest 
point of gene therapy development programs is, paradoxi- 
cally, vector design, followed by gene regulation and 
avoidance of immune responses. Basic research is cau- 
tiously progressing to address these pressing issues. The 
goal of this review is to summarize the standpoint of the 
various basic research projects, which have been planned 
to improve the protocols of oligonucleotide and gene 
delivery in therapy. 



Gene Transfer Models 

There is a wide variety of vectors used to deliver DNA 
or oligonucleotides into mammalian cells, either in vitro or 
in vivo. The most common vector systems are based on 
retroviruses [22-26], adeno-associated virus (AAV) [27- 
36], adenovirus [37-45], herpes simplex virus (HSV) 
[46], cationic liposomes [47-50], and receptor-mediated 
polylysine-DNA complexes [5 1 , 52]. 

Other viral vectors that are currently under development 
are based on lenti viruses [53-58], human cytomegalovirus 
(CMV) [59], Epstein-Barr virus (EBV) [60], poxviruses [61, 
62], negative-strand RNA viruses (influenza virus) [63], 
alphaviruses [64], and herpesvirus saimiri [65]. Also of 
extreme interest is the construction of a hybrid adenovi- 

ral/retroviral vector, which 

has successfully been used 
for in vivo gene transduc- 
tion [66). The characteris- 
tics of the most developed 
gene delivery systems are 
summarized in Table 1 . 
The stage of develop- 
ment of vectors and their variety are still not sufficient to be 
efficiently applied in therapy. The treatment of each disease 
requires specific vector design. For instance, the property of 
retroviruses to infect only dividing cells [67] is desirable for 
the selective targeting of neoplastic cells over normal tissues, 
but it makes retroviruses unsuitable for the transduction of 
terminally differentiated cells, such as neurons and 
myocytes. This, of course, rules out the employment of retro- 
viral vectors for the treatment of neurologic and cardiac dis- 
eases. On the other hand, viral vectors capable of infecting 
nondividing cells (adenovirus, AAV, and lenti viruses) may 
not be suitable for in vivo administrations in cancer therapy 
because of the side effects that can be originated by the lack 
of discrimination between neoplastic and normal cells, 
which, inevitably, will lead to the ectopic expression of the 
transgene in normal tissues. 

The difficult tasks of vector design have to deal with 
safety issues, improvement of in vivo gene delivery effi- 
ciency, and gene regulation post-cell transduction. These 
tasks are all related to one another. Most of the previously 
mentioned phase I gene therapy clinical trials for the treat- 
ment of inherited genetic diseases and cancer were carried 
out by ex vivo administration of retroviral vectors into tar- 
get cells, which were then reimplanted into the patients (i.e., 
treatment of ADA-deficiency, hemophilia B, Fanconi's ane- 
mia, Gaucher's disease, Hunter syndrome, LDL-deficiency, 
and melanoma). In contrast, the treatment of cystic fibrosis 
was carried out by in vivo administration of vectors based 
on adenovirus, cationic liposomes, or AAV. The parameters 
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Table I. Description of the main gene delivery systems 

Vectors Characteristics 

Retroviruses Relatively high titers 

(10M0 7 cru/ml). 

Broad cell tropism. 
Stable gene expression. 
No toxic effect on infected 
cells. 

Total insert capacity in the virion 

is in the range of 10 kb. 
They only infect dividing cells. 



Lentiviruses 



Adenoviruses 



Adeno-associated 
viruses (AAV) 



Cationic liposomes 



They can infect nondividing cells. 

They can be pseudotyped with 

retroviral or VSV G envelopes. 

therefore, they also have broad 

cell tropism. 
Stable gene expression. 
Total insert capacity in the virion 

is in the range of lOkb. 

Very high titers (10 ,o pfu/ml). 

Transiently high levels of 
gene expression. 

They can also infect non- 
dividing cells. 

Large DNA inserts can be 
accomodated in the vector (7-K kb). 

Wide range of cells can be infected, 
including cells which do not divide. 

Ability of the virus to establish 
latent infection by viral genome 
integration into cell genome. 

Viral integration specific for 
human chromosome 19 (only for 
wild-type AAV). 

Nonpathogenic, nontoxic. 
Small genome (5 kb). 

They are not infectious. 

Theoretically, there is no limit 
to the size of DNA. 

Low degree of toxicity. 



Disadvantages 

Random insertion of viral 
genome, which may possibly 
result in mutagenesis. 

Possibility of replication 
competent virus formation by 
homologous recombination. 



Serum conversion to HIV- 1 . 

Possible proviral insertional 
mutagenesis in target cells. 

Presence of tat and rev 
regulatory proteins, 
(the early lentiviral 
vectors also have some 
HIV-1 accessory proteins). 

Host immune response. 

Not suitable for long-term 
expression due to the lack 
of integration into host 
genome. 

Complicated vector genome. 



High titers of pure virus are 
difficult to obtain. 

This vector system is still not 
well characterized. 

Limited capacity for foreign 
genes (about 4 kb). 

AAV requires a helper 
adeno- or herpesvirus 
for replication. 

Lack of specific integration for 
recombinant AAV vectors. 

Targeting is not specific. 
Low transfection efficiency. 
Only transient expression. 
Difiult in vivo applications. 



of these in vivo administrations of vectors in clinical trials 
are still far from ensuring efficient therapeutic interventions. 
The vectors used in these studies had some positive proper- 
ties and were relatively safe. As summarized in Table 1 , 
these gene delivery systems can transduce nondividing cells, 
avoid cell mutagenesis due to the random transgene integra- 
tion in the host chromosomal DNA (except for AAV-based 
vectors) and can be rather easily administered to the patients 
in high doses; however, they are affected by many limitations. 



Adenoviral vectors can elicit 
host immune responses and 
are not suitable for long-term 
expression of the transgene, 
especially in vivo. Liposome- 
based vectors are not infec- 
tious and have a low degree of 
toxicity, but they also do not 
allow for stable transgene 
expression, and their in vivo 
applications are difficult for a 
variety of reasons (Table I). 
The interest in AAV is mainly 
related to its property of inte- 
grating the viral genome in a 
safe host chromosomal site 
[31-35]. Unfortunately, such a 
property is lost in AAV 
recombinant vectors, and this 
may result in cell mutagenesis. 

The field of gene therapy 
is now actively involved in the 
challenging task of improving 
the design of vector systems 
for in vivo applications. 

Vector Design for In 
Vivo Gene Delivery 

The ex vivo gene delivery 
approach is certainly a safer 
procedure than the in vivo one, 
but poses several limitations to 
possible gene therapy interven- 
tions. The ex vivo approach can 
obviously be applied only in a 
restricted number of diseases, 
as it is a complex process that 
requires the surgical removal of 
certain cell types, followed by 
the in vitro cell transduction 
and reimplantation into the 
host. All these manipulations 
are costly for the health care systems, cause distress to the 
patients, and cannot always be performed. Conversely, in vivo 
gene delivery can be easily adapted to the treatment of every 
disease; it does not particularly distress the patients, as the 
intervention is not invasive; and it is more affordable. 
However, the improvement of in vivo gene delivery proto- 
cols involves many complicated issues that the field of gene 
therapy is currently trying to address. For the moment, the 
strategies of basic research seem to be mainly polarized by 
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Retroviruses are among the most 
efficient tools for gene transduction 
of mammalian cells. 



viral vectors based on retroviruses, lentiviruses, AAV, and 
adenoviruses, in order to develop optimized vector design 
for in vivo gene transfer protocols. Liposome-based vec- 
tors are particularly useful to deliver oligonucleotides or 
large-size transgenes, but unfortunately, their in vivo 
applications are difficult. 

Each vector system has a series of advantages, problems, 
and preferential applications in therapy. As previously men- 
tioned, the problems in vector design for in vivo applications 
are generally related to safety issues, improvement of vector 
production, and control of transgene expression post-cell 
transduction. The first rule in the matter of vector design is 
that the gene delivery systems must not be pathogenic or 
toxic to the patients. Therefore, the various viral vectors must 

be engineered to be non- 

competent for replica- 
tion and must not 
contain viral genes 
encoding for factors 
which may pose a haz- 
ard in humans. It has 

been argued whether the 

removal of putative virulence may be detrimental to the 
transduction potential. Results indicate that viral vectors so 
far produced retain their infectiviry. although they do not 
replicate. 

The in vivo administration of viral vectors requires addi- 
tional safety regulations compared to the ex vivo one. In 
order to avoid the ectopic expression of the transgene, viral 
vectors should be engineered to have a cell tropism specific 
for the target cells, especially if the viral vectors can also 
transduce nondividing cells. In this respect, there have been 
many attempts, with small success, to alter the cell tropism 
of viruses that are nonpathogenic in humans in order to engi- 
neer chimeric viruses capable of infecting distinct human 
cells. These studies involved mainly recombinant retro- 
viruses and lentiviruses and will be described in the next 
paragraph. 

Another line of investigation is aiming at controlling in 
vivo transgene expression by developing vector systems con- 
taining internal tissue-specific or inducible promoters. The 
latter are based on: metalloprotein gene promoter, steroid or 
tetracycline-inducible promoters. C're/LoxP recombination 
system, promoters responsive to the insect hormone ecdysone 
and retinoids. The in vivo regulation of transgene expression 
within the therapeutic window is also a very important goal 
that must be achieved. Unfortunately, there are many elu- 
sive problems to be solved which derive mostly from the 
empirical knowledge basic researchers have in this matter. 

The site-specific proviral integration in the host chro- 
mosomal DNA is another strongly desired feature. Possibly, 



this may be accomplished by opportune rearrangement of 
AAV-based vectors. 

Other issues that vector designers are dealing with are: 
avoidance of immune responses (in the case of adenoviral 
vectors), improvement of high-titer viral vector stocks, and 
purification procedures. 

Some progress has been made in improving the various 
gene delivery systems. Their variety is too vast to be described 
in greater detail, therefore, only the main vector models will be 
reviewed. 

Retroviral and Lentiviral Vectors 

Undoubtedly, retroviruses are among the most efficient 
tools for gene transduction of rnammalian cells. For this rea- 

son, they were successfully 

used in the early gene ther- 
apy clinical trials for the 
treatment of inherited 
genetic diseases [2, 3] and 
cancer [4-13]. The most 
common retroviral vector is 

based on the amphotropic 

Moloney murine leukemia virus (MLV) [68]. This system is 
particularly suitable for efficient in vitro cell transduction: the 
amphotropic MLV has a broad cell tropism, it can be produced 
at relatively high titers (lOMO 7 iu/ml), and allows for long- 
term transgene expression because of the viral integration in 
the host chromosomal DNA. 

Another important feature of retroviruses is that although 
they do not elicit immune responses in the host, they are sus- 
ceptible to rapid degradation by the complement [69]. This is 
a major limitation for in vivo retroviral-mediated gene transfer. 
Optimal titers for in vivo applications should be in the range of 
10 10 iu/ml, whereas the maximum titer mat can be obtained 
barely reaches 10 7 iu/ml. In addition, retroviral particles are 
difficult to concentrate, as they are fragile and can be destroyed 
during the precipitation. This problem can be circumvented by 
pseudotyping the retroviral core with the G glycoprotein of 
vesicular stomatitis virus (VSV G). This envelope stabilizes 
the retroviral particles, which can then be easily concentrated 
by ultracentrifugation of the retroviral supernatant [70, 71 ]. 

Retroviral stocks are mainly produced by transient 
expression systems [72-76], which offer a variety of advan- 
tages: the retroviral titers are in the range of lOMO 7 iu/ml, 
that are from 10- to 50-fold greater than those obtained by 
conventional packaging cell lines; the production of retro- 
viral stocks is rapid and highly reproducible; the transient 
retroviral expression practically rules out the possibility 
of replication-competent virus formation. The latter fea- 
ture may greatly facilitate the in vivo retroviral-mediated 
gene transfer. 
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Figure /. Murine leukemia virus (MLV)-based retroviral vector system. 
Abbreviations: pgk = murine infernal promoter driving the expression of a 
selectable marker; neo - neomycin, ihu - puromycin; hph ■ hygromycin. 



As shown in Figure I . the retroviral genome was divided 
among three plasmids Both gag/pol and the envelope (env) 
are under the control of the human cytomegalovirus (CMV) 
promoter. The 5' ami V long-terminal repeats (LTRs) and 
the packaging signal C¥) were deleted in these two con- 
structs, therefore, the mRNA encoding for gag/po! and for 
env is the only substrate for translation in the transfected 
cells. The retroviral -transfer vector has the two LTRs and 
the packaging signal t H') and encodes for a chimeric gene 
whose mRNA can be packaged into the virion and reverse- 
transcribed in the target cells' cytoplasm; the resulting 
cDNA is then delivered to the cell nucleus and integrated into 
the host genome. The chimeric gene may be a therapeutic 
factor and/or a reporter tienc. The production of high-titer 
retroviral stocks is carried out by transient cotransfection of 
the three plasmids (gag/pol. env, and transfer vector) in 
highly transfectable cell lines that express the SV40 large T 
antigen [73]. The plasmids containing the gag/pol and env 
cassettes carry the SV'41) origin of replication in their back- 
bone. Therefore, post-cell cotransfection, the plasmids' copy 
number is greatly enhanced by the SV40 large T antigen 



[75]. The higji DNA copy number and the massive production 
of gag/pol and env by the strong human CMV promoter result 
in an optimized retroviral titer [73, 75]. The recombinant retro- 
viral vector was engineered to sustain a single round of infec- 
tion, and the fact that die proviral genome was divided among 
three plasmids rules out the possibility of replication-competent 
virus formation by homologous recombination [75]. 

Also of interest is the production of new retroviral 
transfer vectors, which were genetically engineered to max- 
imize the transgene expression post-cell transduction, espe- 
cially in cells of hematopoietic origin [77]. In these transfer 
vectors, the LTRs have been modified by point mutations to 
increase transcription activity post-viral integration in the 
host genome [77]. This feature is meant to improve the per- 
formance of retroviral vectors in preclinical in vivo studies 
and, possibly, in therapy. 

Retroviral transfer vectors have also been designed to 
deliver transgenes under the control of internal inducible or tis- 
sue-specific promoters [78, 79]. The presence of an extra inter- 
nal promoter may interfere with the 5' LTR transcriptional 
activity, and/or vice versa [79]. For this reason, the retroviral 
vectors were engineered to have an active 5' LTR in the provi- 
ral form, which is then disactivated after the viral genome 
integration in the host chromosomal DNA. This may easily 
be achieved by performing a small deletion in the 3' LTR of 
the proviral transfer vector [78]. Such retroviral vectors 
have been named self-inactivated vectors (SIV) [78]. 

Another important line of investigation is considering the 
engineering of chimeric retroviruses with specific cell tropism. 
Tins would greatly facilitate the in vivo application of retrovi- 
ral vectors in clinical trials. In this respect, there have been 
many attempts to alter the cell tropism of ecotropic retro- 
viruses, which do not infect human cells. This approach con- 
sists of placing foreign genes into the retroviral envelope in 
order to confer a cell tropism specific for certain human cell 
types. The foreign genes used in the early studies to generate 
hybrid envelopes were: CD4 [80, 81]. single-chain antibodies 
[82-84], the polypeptide erythropoietin [85], short peptides 
binding to several integrins [86], and human heregulin [87]. 
The retroviral systems used in these studies were: avian leuko- 
sis virus [80, 86], ecotropic MLV [81, 82, 85 7 87], spleen 
necrosis virus [83, 84], and amphotropic MLV [88]. In some 
cases, there has been a partial success in redirecting the cell 
tropism of ecotropic retroviruses [8 1 . 83-K8], but die transduc- 
tion efficiency is far from being optimal for in vivo applica- 
tions. A number of more recent repoits have shown some 
improvement of transduction efficiency by chimeric viral par- 
ticles with altered cell tropism [89-91 J. The viral vectors used 
in these studies were based on adenovirus [89, 90] and on 
Sindbis virus [91]. Interestingly, two otficr groups of investi- 
gators have engineered chimeric rabies virus [92] and VSV 
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fQ3|. which were pseudotyped with CD4- and CXCR4- 
derived proteins. The latter is the coreceptor for T cell 
tropic H1V-I strains [94, 95]. These studies showed that 
both chimeric viruses selectively infected and induced 
cytopathic effects in cultured cells harboring HIV- 1 [92 f 
93|. This finding is certainly a leap forward from the pre- 
liminary study conducted by Young et ai [80]. However, it 
remains to be confirmed whether these chimeric viruses 
will be able to seek out and selectively destroy HIV-1 
infected cells in the in vivo model. 

An important property of retroviruses is that diey can 
only infect actively dividing cells [67], as the transport of 
the preintegration complex to the nucleoplasm requires the 
breakdown of the nuclear membrane. Conversely, 
lenti viruses, such as HIV-1, also have the capability of 
infecting nondividing cells [96-98]. The requirement for cell 
division for retroviral infection has relevant implications in 
gene transfer technology. A positive aspect is that in vivo 
retroviral-mediated gene delivery in cancer therapy is facil- 
itated because of the specific gene targeting of neoplastic 
cells over normal tissues. On the other hand, the lack of 
retroviral infection of nondividing cells precludes their in 
vivo gene transfer applications for neurons, hepatocytes, 
myofibers. and hematopoietic cells. In this prospective, the 
engineering of HIV-based lentiviral vectors will prove very 
use Mil. Many nonproliferating cell lines can be easily 
manipulated with this HIV-based vector system to generate 
cell culture models that stably express transduced genes. 
Preliminary in vitro experiments indicated that terminal dif- 
ferentiated neurons [99] and terminal differentiated 
macrophages [57] were efficiently transduced, and the 
reporter gene expression was stable. This finding mirrors 
that of another in vivo study, in which a lentiviral vector car- 
rying a reporter gene was injected into adult rats' brains, in 
order to transduce neurons [53, 54]. In this case too, efficient 
gene delivery and a stable expression of the transgene were 
observed. The lentiviral-based vector systems are most 
likely going to implement the therapeutic efficiency of gene 
transfer technology in the near future. Before then, the 
lentiviral vectors must be thoroughly tested for biological 
safety. The possible reconstitution of pathogenic replica- 
tion-competent HIV-1 must be excluded. The lentiviral vec- 
tor stocks are also generated by transient overexpression 
systems (73-76], in which the packaging components 
(gag/pol and env) have been placed on two different plas- 
mids and are under the control of the human CMV pro- 
moter, and the transfer vector is on a third plasmid [53]. 
Furthermore, the HIV-1 envelope has been deleted in this 
system, to be replaced by the amphotropic MLV or VSV G 
envelopes |53]. The HIV-l genome has six additional read- 
ing frames to the prototypic gag, pol, and env genes that 



are common to all retroviruses (Fig. 2). These extra six 
reading frames encode for the following factors: tat, rev, vif, 
vpr, vpu, and nef. Viral replication is mediated by the so- 
called regulatory tat and rev proteins, which respectively 
control viral transcriptional and post-transcriptional path- 
ways. The other four factors (vif, vpr, vpu and nef) are 
called "accessory proteins" [16]. The function of these 
accessory proteins in HIV-1 pathogenicity is very complex 
and not completely understood. They are essential to main- 
tain virulence in vivo [100) and may interfere with the cell 
cycle and/or cell growth [ 1 6, 100]. Their presence may per- 
se represent a hazard in humans, regardless of the lack of 
HIV-l infection. In two latest reports, the accessory proteins 
were deleted from the lentiviral vector system without com- 
promising their transduction efficiency [57, 58]. This is 
another substantial step fot^ard in the development of a safer 
lentiviral vector system. There are still many other aspects of 
lentiviral's biology that have to be investigated prior to con- 
sidering their application as vectors in clinical trials. The 
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main concern is about possible cell cycle and/or cell 
growth dysregulations by tat protein, and the random 
proviral integration in the host genome, which may 
result in mutagenesis. This phenomenon may be more 
dramatic for in vivo applications of lentiviral vectors 
than for retroviral -mediated gene transfer because of the 
capability of lenti viruses to also infect nondividing cells. 
This may predispose the lentiviral -based vectors in 
delivering and inserting the transgene into the genome of 
wrong cell types or tissues, provoking possible harm to 
the patients. 

The design of HIV-based vectors is still very demand- 
ing in terms of biosafety regulations. On these grounds, it is 
not easy to predict whether and when this vector system 
will be used in gene therapy clinical trials. 

Adenoviral Vectors 

Adenoviruses, together with retroviruses, constitute the 
most advanced gene therapy forefront of the basic research 
development for gene delivery systems. 

Adenoviruses are large non-enveloped DNA viruses 
with a double stranded genome of 36 kb and a capsid diam- 
eter ranging from 65 nm to 80 nm [38, 39]. So far, 49 
serotypes of human adenoviruses have been identified and 
classified into six groups according to similarities in their 
genome organization and hemagglutinin activity. The 
diameter of the viral particles depends on the serotype. 
Human adenovirus was isolated for the first time in 1953, 
when a spontaneous in vitro culture degeneration of some 
adenoidal tissues was observed [37]. Later, it was found 
that the etiologic agent responsible for this cytopathic effect 
was a virus, which was the reason for its being named "ade- 
novirus" [101]. The various adenoviral serotypes can be 
found in distinct tissues, such as the upper respiratory tract, 
the conjunctiva, and the intestines. 

The first recombinant adenoviral vectors were engineered 
in 1985 and were based on the serotypes 2 and 5 [40-42]; 
they are not associated with severe diseases and do not cause 
tumors in animals, in contrast to the other serotypes. The first 
adenoviral-mediated gene transfer applications in clinical tri- 
als were carried out at the beginning of the 1990s for the 
treatment of patients affected by cystic fibrosis [102]. 
Probably, adenoviral vectors will also be employed soon in 
cancer therapy and in the treatment of familial hypercholes- 
terolemia and neurological and cardiovascular disorders. 
Many in vitro and in vivo studies in animal models have 
already been performed along these lines of research [103- 
107]. As anticipated, adenoviruses are highly immunogenic 
and may originate inflammatory and toxic reactions in the 
host [108, 109]. This poses a severe limitation to the possible 
applications of adenoviral-mediated gene transfer for the 



treatment of hereditary disorders, cardiopathies, and neuro- 
logic diseases. En addition, in all these illnesses, long-term 
transgene expression is required. Adenoviral vectors only 
allow for transient expression, because the adenoviral 
genome is extrachromosomal in the infected cell. 

On the other hand, adenoviral-mediated gene transfer 
offers some advantages over retroviral vectors. First of 
all, adenoviral vectors can be produced at very high titers 
(10'°pfu/ml), which can be easily concentrated to 10' 2 
ptu/ml. The adenovirus has the capability of encapsulat- 
ing DNA molecules up to 6% bigger than the wild-type 
viral genome; therefore, 7-8 kb DNA inserts can be intro- 
duced in the vector. Theoretically, it may be possible to 
introduce in the virion much bigger DNA fragments than 
7-8 kb, providing that the adenovirus genome is properly 
deleted. Adenoviruses can also infect nondividing cells, 
in contrast to retroviruses. Adenoviral-mediated gene 
transfer allows for high transient overexpression of the 
transduced gene. 

The improvement of adenoviral vector design has to 
deal with the problem of immunogenicity. Most likely, the 
leaky E2 gene expression of the adenoviral vector system is 
responsible for the toxicity and inflammatory reactions. 
Studies are currently in progress to design new generations 
of adenoviral vectors lacking E2a-gene functions, either by 
mutations [1 10, 1 1 1] or by deletion of E4 genes, which 
requires the construction of helper cell lines that can provide 
E4-function[ll2. 113]. 

Other strategies that are currently pursued to avoid 
immune responses are directed at reducing viral load by 
developing high-efficiency transgene expression vectors 
in combi nation with short-term immune suppression 
[114, 115] and/or by generating chimeric adenoviruses 
type 5 carrying fiber genes of adenovirus type 7 [116]. 
The advantage of using such a chimeric capsid is the 
binding affinity enhancement of the adenoviral particle to 
the target cell. 

Adenoviral/Retroviral Chimeric Vectors 

A chimeric adenoviral/retroviral vector system has 
recently been developed [66] in order to combine the advan- 
tages of adenoviruses and those of retroviruses in a single 
gene transfer system. This may allow for the simultaneous 
achievement of more efficient gene delivery and longer-term 
transgene expression. Bom features are necessary to optimize 
the in vivo therapeutic gene transfer interventions to correct 
human defective genes. Briefly, this gene delivery system 
consists of an adenoviral vector carrying in its genome the 
packaging components of a retrovirus together with the retro- 
viral transfer vector, which is the recipient for transgenes. As 
already mentioned, the adenoviral vector can be produced at 
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very high (iters and can also infect nondividing cells. The 
adenoviral genome is transiently overexpressed in trans- 
duced cells, as it is not integrated into the host genome. At 
this stage, the transduced cells produce retroviral vectors 
capable of infecting other surrounding cells. This may 
improve the efficiency of in vivo retroviral transduction. Once 
certain tissues have been infected by the chimeric adenovi- 
ral/retroviral vector system, retroviral vectors are produced in 
vivo over a considerable period of time and can reach their 
target cells. The constitutive localized production of retroviral 
vectors may, at least partially, overcome the complex issue of 
complement-mediated lysis of retroviral particles that occurs 
in the in vivo model. However, this system needs to be 
improved and better characterized before it can be applied in 
clinical trials; the immunogenicity of adenoviral vectors must 
be completely devoided\ there is still the possibility of provi- 
ral insertional cell mutagenesis; the retroviral titers are still 
too low for effective in vivo applications. 

AAV-Based Vectors 

AAV is a human parvovirus that does not seem to be 
associated with any human disease [27); therefore, the first 
requirement for gene therapy applications is easily accom- 
plished. In addition, AAV has many desirable properties: it 
can infect a wide range of cells deriving from different tis- 
sues [28]; it can also infect nondividing cells [30, 1 17]; it can 
establish a latent infection by integrating its genome [29]; the 
integration of the viral genome is site-specific for the q arm 
of chromosome 19, between ql3.3 and qter [31-35]. All of 
these properties explain the considerable interest in applying 
AAV as a vector in gene therapy. The site-specific integra- 
tion of AAV is a desired safety feature that is, however, lost 
in AAV recombinant vectors. The major research aim is to 
conserve the site-specific integration of AAV vector systems, 
possibly by cotransfecting a plasmid encoding the protein 
Rep78, which seems to be responsible for the viral-specific 
integration process in the presence of the inverted terminal 
repeats [118, 119]. Other problems for the application of 
AAV-based vector systems are related to the limited capac- 
ity of accommodating foreign genes, that is, those in the 
range of 4.1-4.9 kb (120]; to the difficulty of obtaining pure 
high-viral titers, and the requirement for helper adeno- or 
herpesvirus for replication in cell culture [121-123]. The 
inability to completely eliminate helper viruses has raised an 
element of concern about the application of AAV vectors in 
clinical trials. 

In preliminary experiments, recombinant AAV vectors 
have stably transduced a certain number of nondividing cells, 
such as hematopoietic progenitor cells [124], neurons [125], 
and photoreceptor cells [ 1 26]. Another encouraging finding is 
the lack of immune response to in vivo AAV-mediated-gene 



transfer [127], It is likely that recombinant AAV vectors 
will be employed for the treatment of cystic fibrosis [128] 
instead of adenoviruses. 

Cationic Liposomes and Other Nonviral Vector Systems 

Nonviral vector systems comprise various formulations 
of cationic liposomes [129-131] and composite vectors 
devised for gene delivery applications by receptor-mediated 
entry containing a DNA-binding moiety, a receptor-targeting 
molecule, and often a lysosome-breaking agent [132-135]. 

These gene delivery systems are not infectious and have a 
low toxicity. Theoretically, there is no limit to the DNA 
size that liposome particles can carry. Furthermore, lipo- 
some-based vector systems are suitable for the delivery of 
oligonucleotides to mammalian cells. Receptor-mediated gene 
delivery systems have the additional advantage of a potentially 
specific target. The disadvantages of both systems are low 
transfection efficiency and the transiency of gene expression. 
Cationic liposomes have the additional disadvantage of lack of 
specific targeting, whereas receptor-mediated delivery systems 
may be immunogenic. 

Cationic liposomes have already been employed in phase 
I clinical trials for the treatment of cystic fibrosis [136]. 

Conclusion 

The interest in gene therapy is motivated by a variety of 
reasons. The early successes of phase I clinical trials for the 
treatment of inherited genetic diseases and cancer have 
sd ongly encouraged worldwide establishment of gene therapy 
research programs, which are also evaluating the possibility of 
treating patients with AIDS, cardiopathies, and neurologic dis- 
eases. In addition, gene transfer technology has led to innova- 
tive vaccine design for the treatment of neoplasias and 
development of protective immunity against infectious agents. 
Studies are currently in progress to find vaccines for malaria 
and Ebola, whereas phase I and phase II clinical trials for the 
AIDS vaccine programs have already begun in the U.S. 

The standpoint of gene therapy basic research is still 
far from providing the tools for the treatment of the previ- 
ously mentioned illnesses. The most pressing issue that 
the field of gene therapy has to address is the development 
of efficient in vivo gene delivery systems. The in vivo 
administration of either functional genes or therapeutic 
factors would greatly simplify and improve any human 
gene therapy intervention. 
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Gene therapy promises to cure human genetic diseases. One of the main 
obstacles to fulfilling this promise is in the ability to target a gene to a signifi- 
cant population of cells and express it at adequate levels for a long enough 
period of time. Viral methods for gene delivery have been studied for a 
number of years and are effective vectors for gene transfer. The great major- 
ity of gene therapy clinical trials currendy in progress use retroviruses or ad- 
enoviruses. However, there are concerns for their clinical use because of 
possible risks of mutagenesis, immunogenic side-effects and toxicity. In ad- 
dition to this, there are other limitations, including the size of gene that can 
be transferred. Over the last ten years, a new approach has emerged that 
has increasingly gathered speed thanks to advances in receptor cell biology 
and antibody production. This method involves ligand-targeted receptor 
mediated endocytosis (RME) of 'polyplexes'. Here, synthetic complexes are 
composed of a cell-specific targeting ligand, coupled to a DNA binding ele- 
ment and endosmolytic function. These complexes are able to deliver 
genes to cells in a receptor-specific manner, without any viral DNA se- 
quences or packaging constraints. There are now many ligand/receptor 
systems under investigation, each one demonstrating successful gene trans- 
fer with a higher level of tissue specificity than viruses can offer. This review 
describes most of these systems and looks ahead to an era where cell- 
specific gene delivery may be a main stream gene therapy, treatment 
modality. 

Keywords: polyplexes, receptor-mediated endocytosis, targeted gene delivery, 
vectors 
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1. Introduction 

There are few areas of biomedical research that have moved as rapidly or so 
completely captured the imagination of the scientific community as the 
field of gene therapy. Although in its infancy, gene therapy is a huge com- 
mercial business judging by the number of patents filed and of small bio- 
technology companies starting up, based upon one particular gene therapy 
technology. This phenomenon surely reflects the enormous potential of 
this approach for the correction of genetic diseases. There is certainly no 
lack of ideas, although many are hampered to an extent by the limitations of 
current technologies. General approaches include replacing a defective 
gene in diseases such as cystic fibrosis or muscular dystrophy, destroying 
cancerous or virally-infected cells such as in HIV infection or by promoting 
a host immune reaction against a disease or infection (for reviews see [1 ,2]) . 
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When antibodies were discovered, a similar wave of 
optimism followed. Early this century, Ehrlich hy- 
pothesised about 'magic bullets', able to destroy target 
cells on a specific basis. Monoclonal antibodies 
brought us a step closer to this dream. Since then, 
there has been a great deal of research in the area of 
antibody- or ligand-mediated delivery of drugs, tox- 
ins, radioactive isotopes and enzymes, with many 
promising leads entering clinical trials. Protein engi- 
neering has allowed some of these molecules to be 
improved, and this area is currendy one of the most 
exploited in the biotechnological industry. However, 
even after almost 30 years of relentless pursuit, noth- 
ing has yet delivered such a promise in terms of clini- 
cal results. 

The delivery of genes encoding various functions 
greatly expands the range of treatable diseases as well 
as the types of strategies which can be employed. 
However, gene delivery remains the major techno- 
logical stumbling block in gene therapy strategies [3]. 
Viruses are well suited to deliver genes to mammalian 
cells by virtue of their infection and replication cycle. 
Viral delivery is by far the most commonly utilised 
form of gene transfer vector (reviewed in [4]), with ret- 
roviruses being used for many years. Over the last few 
years, adenoviruses have been developed to over- 
come some of the limitations of retroviruses and, re- 
cently, the two types of viruses have been 'married' to 
produce a hybrid virus which is able to carry out some 
of both functions |5). Retroviruses have the advan- 
tages of being potentially low in immunogenicity, 
with the ability to infect and deliver genes to dividing 
cells, integrating randomly into the host genome al- 
lowing long-term gene expression and heritable 
transfer. Adenoviruses are able to infect quiescent and 
dividing cells with much higher efficiency but, being 
non-integrative, cannot be maintained for long peri- 
ods of time. They can also provoke a damaging im- 
mune reaction. 

Whichever viral vector system you chose there are 
many other drawbacks: 

• the risk of secondary malignancies (oncogene acti- 
vation or tumour suppressor gene disruption) from 
integrating vectors 

• the recombination of disabled viruses could make 
them infective again 

• there is no specific cell specificity, thus allowing 
non-targeted cells to be infected, a problem 



compounded by the heterogeneity of virally tar- 
geted antigens 

• retroviruses cannot infect non-dividing cells 

• there is an inherent difficulty In producing high ti- 
tres of retroviruses for clinical use, although there 
are some strategies being developed to overcome 
this 

• inactivation by host complement (a natural re- 
sponse to viral infections) in the cases where the in- 
fected cells are required to survive, expression of 
toxic viral genes or the immunogenic response to 
cells infected can limit the actual number of cells 
transfected 

Finally, one of the greatest limitations of viral gene de- 
livery is in the permitable size of the packaged DNA 
16]. 

There is, of course, a great deal of research aimed at 
developing viral vectors with improved attributes, 
such as the recently developed lentivirus vectors 
(such as HIV), which can infect non-dividing T-cells 
[7] and retroviruses [8| or adenoviruses [9) which ex- 
press targeting ligands on their surfaces. However, 
there is also a growing body of research into alterna- 
tive, non-infectious gene delivery methods (reviewed 
in [10]). The main examples of these are: 

• liposomes (lipid encapsulated DNA) which fuse di- 
rectly with cells to introduce their DNA 

• naked DNA (cost-effective injection of pure DNA 
into sites of the body receptive to DNA uptake) 

• ligand-targeted receptor-mediated endocytosis of 
polyplexes 

The latter of these is an intensely studied and emerg- 
ing area and is the subject of this review. Liposomes, 
like viruses are non-targeted and can cause host com- 
plement depletion. Their lipophilic nature gives them 
the ability to transfer DNA to cells with high efficiency. 
Naked DNA is simple but non-targetable and suffers 
from low levels of gene expression and transduction 
efficiencies. RME of DNA by ligands exploits the 
highly efficient internalisation pathway and traffick- 
ing routes within cells (as do viruses). Clustered 
Iigand/receptor complexes gain entry into the cell by 
membrane invagination into clatherin-coated pits to 
form endosomes. Various intracellular trafficking 
events result in the release of the ligand inside the cy- 
tosol with some receptors recycling back to the cell 
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surface and some being destroyed by lysosomal deg- 
radation (for an example, see (11]). 

The initial concept of gene delivery by a non-viral in- 
ternalised ligand was proposed by Cheng et at. [12], 
but this group was unable to report successful gene 
expression. Wu and co-workers [13] exploited the 
well-studied, liver-specific ASGP-R to successfully de- 
liver and express genes which were attached to one of 
its natural ligands, asialorosomucoid (ASOR), In ef- 
fect, the ligand/receptor pathway was being 'hijacked' 
into additionally transferring a gene. By such routes, 
thousands of ligands are internalised per second, 
hence many gene copies can be targeted to cells. 
Some of these ligand/receptor complexes are highly 
specific to certain cell-types, opening up the attractive 
area of tissue-specific targeting of genes. Even so, this 
is not an entirely new delivery pathway for molecules 
as this has been the primary route for delivering toxins 
to tumour cells, exploiting the many tumour- 
associated antigens which are internalised [14]. For 
gene delivery, the targeting moiety takes the form of 
an antibody, peptide or natural ligand and the DNA is 
attached through a DNA binding agent, usually a poly- 
cation such as poly-L-lysine, which serves to complex 
and compact the DNA. These types of gene delivery 
vectors have been designated 'molecular conjugate 
vectors' or 'receptor-mediated gene transfer com- 
plexes'. It has now been generally accepted that they 
should be called receptor-mediated polyplexes* [15]. 

2. Receptor-mediated polyplexes 

The most basic vector takes the form of a cell-specific 
ligand and a DNA coupling element. Various ele- 
ments, such as whole, disabled adenovirus particles, 
membrane active peptides or translocation domains 
(see below), have additionally been incorporated to 
increase levels of gene transfer and expression. Al- 
though the exact mechanism of gene delivery is un- 
clear and differs for each receptor, the pathway from 
the cell surface to the nucleus involves various endo- 
somal compartments resulting in the transport of the 
DNA to the nucleus for expression [16) (Figure 1). 
There are many areas to consider when designing 
such molecules: 

• size 

• DNA condensation 

• route of administration 

• nuclease stability 
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• target sites 

• in vivo deposition 

• cell-binding 

• internalisation 

• intracellular trafficking 

This review aims to address some of these areas. 
There are many patents in this area (see below), pri- 
marily based upon similar ligand-poly-L-lysine conju- 
gates. The payoff for the most successful of these is 
potentially enormous and will probably result in 
cross-licensing and collaborative agreements. 

2.1 DNA binding element 

The way the DNA is attached and held in the complex 
is crucial to the stability of the vector (in vitro-\x\ cul- 
ture media, in vivoAn serum and within the 
endosomes-once inside the cell) and to the physical 
size of the complex. Polycationic chains are widely 
used to neutralise the negative charges of the DNA 
phosphodiester backbone and allow its condensation 
into a highly compact form. The more compact and 
small the complex is. the less chance there is that it 
will become engulfed by macrophages and be de- 
stroyed through the reticuloendothelial system. The 
higher the positive:negative charge ratio, the more 
stable the DNA is to endonuclease degradation as the 
phosphodiester bonds are less exposed. Additionally, 
charge neutralisation of the DNA by polycations al- 
lows interactions with the negatively charged cell 
membrane. The polycation/DNA complex resembles 
a torold or 'doughnut' structure (as seen by electron 
microscopy [17|) with a diameter ranging from 10 - 
100 nm, which in some cases can be smaller than a vi- 
rus. Commonly, Poly-L-lysine is chemically linked to 
the targeting ligand and this is relatively inexpensive 
to make. Studies have demonstrated the relationship 
between poly-L-lysine length and DNA stability or 
vector function (reviewed in [18]). Poly-L-lysine 
lengths of 8 residues or less have been shown to result 
in complexes of up to 3 \xm in size, far too large to be 
taken up by RME [19]. 

The procedure of complexing the DNA to the polyca- 
tion has also been studied in an effort to produce bet- 
ter molecules [18]. Generally, DNA and poly-L-lysine 
spontaneously associate to form a soluble complex. 
Poly-L-lysine has also been used to compact DNA into 
liposomes to make the smaller. Kabanov and Kabanov 
[20,101] have patented variations on polylysine with 
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Figure 1: Schemetic diagram, taken as a summary from many sources, Commercially available poly-L-lysine 
illustrating the general route of gene delivery by receptor-mediated endocytosis. preparations tend to be heterogeneous and 
The plasmid DNA, carrying the desired gene is complexed with the not molecularly defined. Therefore more 
Vpn^ycte (1) ftnniiw » MtefN^te of m 10 - 100 nm (2) ecend researchers have used naturally- 
This binds to the specific receptor on the target cell (3) which is internalised and . p, MA , , J 

formsanendosome(4),Endosomesacidiryandcausethebreakupofmecomplex occurnn 8 DNA bindln 8 proteins (see be- 
(5). Endosomes release their contents into the cytosol, a process dramatically Iow )- Histones and protamines are highly 
improved by the inclusion of osmolytic agents such as defective adenovirus (6). basic, small, compact proteins, with a high 
The DNA, some of which is still bound to the polycation, is localised to the cell's capacity for DNA but are difficult to pro- 
nucleus a Process aided by nuclear localisation sequences (7). Gene expression duce reC ombinantiy. Histone HI was found 
occurs (8), but the DNA is eventually lost as there is no active mechanism to retain . , . „„„.,, 

it to b e superior to the H2-H4 histones as a 

DNA carrier for liver gene delivery [23] . The 
sperm cell DNA compacting protein, prota- 
mine from humans, was used highly effec- 
tively in the form of an antibody-protamine 
fusion protein produced by mammalian cell 
culture [24). The basic high mobility group 
protein (HMG-1) is being studied as an al- 
ternative carrier in recombinant approaches 
[25], with expression and activity demon- 
strated in Pichia pastor is. A basic peptide 
(sequence 'SPKRSPKRSPKR') derived from 
the histone HI sequence [26] and a de novo 
designed sequence (TKAKsWIC) based on 
the spermidine structure have been used 
[27]. Gottschalk eta/, [27] found that this se- 
quence was Ineffective without the pres- 
ence of an endosome disruption peptide 
(see below) and the fully functional vector 
was only 10-fold less effective than an ad- 
enovirus vector with 25 - 30% gene transfer 
levels in HepG2 cells. The yeast DNA- 
binding protein Gal 4 has been used quite 
ingeniously, despite its lower capacity for 
DNA (see below [28]). There are also exam- 
ples of where DNA has been directly linked 
to the ligand in an approach termed antife- 
ction (see below [29]). 




alternative polycation polymers for the use of DNA 
delivery. Other synthetic polymers such as poly- 
amino chains with a glucose backbone [21] and poly- 
ethylemine have been developed. Cationic polysac- 
charides such as chitosan, which can bind DNA and 
have lectin specificity, are being studied as dual- 
function agents for transporting DNA and targeting 
cells [22]. Modifications such as these alter the kinetics 
of DNA uptake, but cannot be used in any recombi- 
nant approach. Further modifications such as polyeth- 
ylene glycol (PEG) derivitisation have been patented 
in a bid to reduce any potential immunogenicity [102]. 



DNA intercalating agents have been used as 
DNA carriers. Molecules such as acridine 
derivatives [30], ethidium bromide homo- 
dimers [31] and benzoquinone can complex 
to DNA, but there are concerns about the stability of 
the complex in vivo due to the DNA being non- 
condensed and susceptible to nuclease attack. 

Since there are no packaging requirements, size limi- 
tation is not an issue with polyplexes. DNA constructs 
up to a size of 48 kbp have been reported to have 
been delivered via the transferrin receptor (see be- 
low) [32]. 



O Ashley Publications Ltd. All rights reserved. 



Exp. Opin. Ther. Patents (1998) 8(1) 



Deonarain 57 



The nuclear membrane remains a barrier to gene de- 
livery, as microinjection of DNA into the cytosol re- 
sults in no expression compared to microinjection 
into the nucleus [261. Cells which undergo mitosis af- 
ter DNA exposure show a higher level of gene expres- 
sion. Nuclear transport is accomplished by trafficking 
with a nuclear localisation signal (NLS) . These take the 
form of a short stretch of lysines or arginines (e.g., 
KKKKPRK in the SV40 Large T antigen). These NLSs 
are transferable with proteins as large as 250 kDa be- 
ing imported into the nucleus when 'tagged' with this 
peptide. The lysine-rich sequences used generally 
serve as satisfactory NLSs as well as DNA binding 
functions. 

2.2 Endosome-disruptive functions 

Gene expression levels and periods were initially 
found to be low by RME delivery of polyplexes and 
further research showed that the major rate limiting 
step was the escape of DNA from endosomes and 
transport to the nucleus (Figure 1). This was previ- 
ously noted for the delivery of toxins in immunotox- 
ins. It was found, then, that co-delivery of 
replication-defective adenovirus particles gready in- 
creased the rate of endosomal escape. When applied 
to gene delivery, there was a 200-fold increase in gene 
expression levels and an increase in levels of transfec- 
tion to 95% for the cells under study [33,103,104]. This 
was because the co-internalised adenovirus caused 
endosome disruption, releasing adenoviral protein 
(and DNA) into the cytosol. These endosome- 
disrupting functions are present within the adenovirus 
coat protein and occur in response to the pH decrease 
in the endosomes. When the adenovirus is linked to 
the gene transfer polyplex via an antibody bridge, the 
rate of gene transfer is improved a further two orders 
of magnitude [34], perhaps due to the use of a more ef- 
fective adenoviral NLS. Other methods to link the ad- 
enovirus to the gene transfer complex include 
biotin-streptavidin bridges [35] and chemical linkers 
[36]. Alternative viruses, such as rhinovirus [37] or 
naturally-occurring proteins, have endosomal ly- 
sis/osomolytic functions, including influenza haema- 
glutinin (HA) or MS2 phage capsid proteins [105]. 
Peptides derived from the HA protein have been 
shown to cause endosomal lysis, but not as effectively 
as a whole adenovirus. Examples of these include. 
'GLFEAIAGFIENGWEGMIDGGGC used in transferrin 
conjugates [38]. Denovo designed peptides, based on 
the amphipathic nature of the haemaglutinin peptides 
have also been incorporated, such as 



'GLFEALLELLESLWELILEA' [27]. Agents such as these 
have been described in conjunction with alternative 
DNA delivery vectors to form systems such as SPET- 
synthetic peptide enhanced delivery (39] 

Many toxins have natural endosomal translocation 
domains which function distinctly to transport pro- 
teins across the membrane rather than to lyse the en- 
dosome. The 19 kDa diphtheria toxin translocation 
domain has been used specifically to augment DNA 
transfer, complexed with poly-L-lysine [40], whereas 
an existing antitumour Pseudomonas exotoxin immu- 
notoxin was modified to deliver a DNA binding pro- 
tein/plasmid complex, rather than the toxic catalytic 
domain (see below) [28]. The use of cholera toxin as a 
delivery and possible translocation domain has also 
been described as part of a patent for gene delivery to 
mucosal cells. The B-chains of the cholera toxin multi- 
mer may aid translocation across the cell membrane 
by forming a pore (see below [106]). 

In many of the systems studied, the drug chloroqulne 
was used to increase gene expression levels where 
endosomal processing was involved. Chloroqulne is a 
weak base which neutralises acid compartments. It in- 
hibits hydrolases found in lysosomes and inhibits the 
fusion of lysosomes with endosomes, thus reducing 
degradation of their contents and increasing DNA 
stability. 

A different approach to promote release of endosome 
contents was patented by Berg et al. [107]. Here, a 
photosensitising compound is co-transfected with the 
DNA, followed by treatment of the cells with light at a 
certain wavelength. Light-activated, chemically- 
induced membrane disruption occurs, resulting in en- 
dosome release. This can be used for DNA or protein 
delivery, but may not find wide application in vivo. 

23 Cell-specific ligand 

One of the main attractions of this approach is the 
wide range of ligands/receptors which could be util- 
ised for gene delivery. Examples of systems under 
study are presented in Table 1. This list is growing as 
fundamental advances in cell biology uncover new re- 
ceptors and cell determinants. The various groups of 
ligands will be discussed in the context of the tissues 
targeted. 
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3. Systems under investigation 



3.1 Gene delivery to the liver 

One of the primary targets for gene delivery is the 
liver, which is the affected organ in diseases such as 
phenylketouria (PKU), haemophilia and hepatitis in- 
fection. The liver is the largest gland in the body, mak- 
ing up about 2% of the body weight. It is central to the 
metabolism of proteins and lipids, hence is an impor- 
tant commercial target for gene therapy. The ASGP-R 
is highly expressed on hepatocytes and has become a 
model receptor for the study of RME and internalisa- 
tion [11]. The receptor interacts with glycoproteins 
that have terminal galactose residues. Wu and Wu syn- 
thesised a polyplex consisting of the desialated oro- 
somucoid and poly-L-lysine and showed gene 
transfection of the transformed hepatocyte cell line 
HepG2 [13]. This was the first example of a successful 
gene delivered by this method. Reporter gene deliv- 
ery experiments in vivo showed that 85% of the in- 
jected DNA was taken up by the liver by 10 min [4 1). A 
great deal of research has followed, including in vivo 
gene delivery of albumin to rats with LDL receptor de- 
ficiency [42,108). An average of 1000 copies of the 
plasmid were found per hepatocyte resulting in a 
level of 34 |ig/ml human albumin in the serum of ani- 
mals 2 - 4 weeks after injection and partial hepatec- 
tomy. Since then, many strategies based on this 
system have been patented, such as oligonucleotide 
delivery for antiviral therapy [109] and adenovirus en- 
hancement [110]. Since one-fifth of the cardiac output 
flows through the liver per minute, this organ is ame- 
nable to in vivo gene delivery. Even in the absence of 
specific targeting, many molecules can be delivered to 
the liver, although not as efficiently internalised as 
those that are receptor- directed. 

Most of the DNA delivered by this receptor was 
shown to be degraded, resulting in short-lived (4 
days) and low levels of transgene expression. A partial 
hepatectomy stimulated longer expression, up to 11 
weeks in some cases. This was found to be due to in- 
creased DNA stability and not due to replication or in- 
tegration [16]. Further work by others have shown that 
the intracellular route taken by the DNA complex is 
not the same as that taken by the free ligand [43] re- 
sulting in unpredictable intracellular trafficking. 

The human methylmalonyl-CoA mutase gene was de- 
livered to rat liver cells by ASOR-poly-L-lysine [44). 
Failure to correct the disease methylmalonic acidae- 
mia is fatal. A staggering 95% of the injected dose 



accumulated in the liver, once again illustrating how 
this organ is amenable to this approach. After 6 - 24 h. 
the blood levels of enzyme increased 30 - 40% over 
background, although repeated doses were necessary 
to keep up potentially therapeutic levels. 

Lactoferrin has also been used as targeting ligand, in 
combination with poly-L-lysine. This protein was seen 
to be better for liver targeting compared to transferrin 
[45] (whose uses are described later). 

An interesting approach to delivering genes to the 
liver via the insulin receptor was by chemically deriva- 
tising albumin, making it positively charged and com- 
plexing it with the DNA and Insulin [46]. This complex 
was able to transfect HepG2 cells, but it is difficult to 
compare this to other systems. Insulin was used to tar- 
get the liver in a more elegant process patented by the 
Medical Research Council (UK) [1 1 1]. In one example 
of the invention, a transcription factor is fused to the 
hormone binding domain of the oestrogen receptor to 
generate a chimeric transcription factor. This is deliv- 
ered to the target cell by an antibody. The polyplex is 
delivered to the same cells by a second antibody of 
different specificity. The DNA in this polyplex con- 
tains the gene (in this case a reporter gene) under the 
control of the transcription factor delivered by the first 
antibody. When both complexes are inside the target 
cell, gene expression will be active in the presence of 
oestrogen. This results in hormone-responsive gene 
delivery and expression. The use of two antibodies 
ensures that cell targeting is specific, as non-specific 
cells picking up one of the targeting agents will not 
have active gene expression. This idea is very attrac- 
tive and adds another level of specificity, but is yet to 
be backed up with experimental evidence. 

Gene transfer to the liver using galactosylated 
poly-L-lysine showed impressive gene delivery 
without the need for a partial hepatectomy [47,112]. 
The factor IX gene, driven by the phosphoenol 
pyruvate carboxy-kinase (PEPCK) promoter was 
introduced iv. into rats. The size of the complex was 
very small (10 - 12 nm) and resulted in the presence of 
the plasmid DNA episomally for up to 32 days, and the 
presence of the mRNA and protein for up to 140 days. 
Gene expression was induced by feeding rats with a 
high protein/carbohydrate-free diet. Similarly-sized 
complexes were made using triantennaryoligo- 
saccharides linked to poly-L-lysine, resulting in high 
levels of gene expression. The high levels of gene 
expression and the impressive time periods for 
expression may be related to the size of the small 
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complexes used compared to the ASOR polyplexes. 
since the same receptor is targeted. Other 
carbohydrate-derived targeting complexes have been 
under study including lactose. Galactose-Histone 
complexes (231 were 11 -times better at delivering 
reporter genes than ASOR ligands. 

The a2-macroglobulin receptor/low-denslty lipopro- 
tein receptor complex binds and endocytose a wide 
range of proteins, some of them as a complex with 
a2-macroglobulin. The a2-macroglobulin receptor is 
a large complex predominantly expressed on normal 
liver, smooth muscle cells, neurones and fibroblasts. 
This receptor was the subject of early studies and sub- 
sequent work has shown that the reporter gene, lu- 
ciferase can be delivered and expressed in these cells 
by an a2-macroglobulin- poly-L-lysine complex [48]. 
The wide range of ligands taken up by this receptor 
make this an attractive target for the delivery of a 'coc- 
ktail* of genes, each complexed to a different ligand. 

Another receptor complex targeted for gene delivery 
was the serine protease inhibitor (serpin) enzyme 
complex receptor (SECR) [49]. This receptor binds to 
conserved sequences on a 1 -antitrypsin and other ser- 
pins. A peptide based on this conserved sequence 
was used as a targeting ligand for poly-L-lysine conju- 
gates which resulted in small (18-25 nm) complexes. 
Good levels of gene expression were achieved cells 
that express the receptor at high levels, such as the 
liver cells HepG2 and HuH7. 

Ding eta/. [50] reported that the malarial circumsporo- 
zoite protein (that covers the surface of the sporozoite 
form of the parasite), binds specifically to hepato- 
cytes. Recombinant forms of this ligand have been 
chemically linked to poly-L-lysine to produce a gene 
delivery vector. Gene expression via this route is 
lower than the levels seen with the other methods, but 
is increased in the presence of adenovirus particles. 
Gene delivery to other cell-lines such as HeLa, 
NIH3T3 and K562 was also shown, suggesting a yet 
undiscovered receptor is being utilised. 

Particles, which more closely resemble viruses, such 
as ligand-targeted liposomes, are being studied. 
These include asialofetuin-labelled liposomes [51], ga- 
lactosylated lipopolyamines [52] and reconstituted 
sendai viruses [53]. These all have liver-cell specificity. 
Transfection is more efficient than with untargeted 
liposomes, but the inclusion of NLS sequences or fu- 
sogenic peptides does not having a potentiating effect 
[51]. 



3.2 Gene delivery to tumour cells 

The transferrin receptor is expressed on many endo- 
thelial cell types but is highly elevated on some tu- 
mours, including gliomas and haematopoietic 
tumours. Many of the early gene delivery experiments 
were carried out targeting the transferrin receptor, 
which has been a widely studied receptor for the de- 
livery of many agents. Gene transfer to K562 haemato- 
poietic leukaemic cells was achieved with a 
transferrin-polycation (poly-L-lysine or protamine) 
conjugate [54,104]. This work pioneered many new 
concepts, including the use of virally-derived fuso- 
genic peptides as an alternative to whole adenoviral 
particles [33]. It was shown that the haemagluttinin- 
derived peptide from influenza virus was able to in- 
crease gene expression levels 10 2 - 10 4 times [38]. 
These 'fusogenic' peptides form membrane- 
disrupting helices under acid pH conditions, promot- 
ing endosomal lysis and gene delivery. However, only 
10% transfection rates were seen, compared to the 
90% seen with whole adenovirus. Also, these peptides 
seemed to be more toxic than adenovirus. 

Delivery of genes via the transferrin receptor became 
known as 'transferrinfection'. Transferrinfection of 
melanoma cells with the gene for interleukin-2 re- 
sulted in a successful tumour vaccine which protected 
the animals from further tumour challenges [55,1 13]. A 
variation on the transferrin theme by Schoeman et ai. 
[56] was to use the high affinity binding molecule 
streptavidin to cross-link the ligand-targeted cells with 
the condensed DNA complex (Figure 2) . Biotinylated 
transferrin was used to target the cells, followed by the 
addition of biotinylated poly-L-lysine/DNA. The 
poly-L-lysine had 70 residues per chain and the trans- 
ferrin had 1 - 2 biotins per molecule. Gene expression 
levels were significant, but the number of cells trans- 
fected was not described. This method was about 
100-times more effective than avid in- poly-L-lysine 
combined with biotinylated transferrin. Other high af- 
finity pairs of molecules have been suggested in a pat- 
ent to link cell targeting ligands to DNA carrier. These 
include enzymes/peptide inhibitors and antibod- 
ies/antigens [114]. 

Neuroblsatoma cells have been found to express a 
190 kDa cell surface glycoprotein, which is picked up 
by the monoclonal antibody chCE7. A poly-L-Lysine 
conjugate of this antibody was able to deliver lucife- 
rase genes at a transfection rate of 1 - 5%, about 2-fold 
lower than liposomes, but with 105-fold higher levels 
of expression [57]. To increase the levels of gene 
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Figure 2: Avidin or streptavidin has been used to link the DNA 
carrying element of gene transfer complexes to the targeting 
element. This can be done directly, where the ligand is 
biotinylated and cross-links to the DNA complex, or indirectly, 
where both components are biotinylated and are bridged by 
streptavidin. Steric constraints suggest that the latter may be 
more effective for gene delivery. 

A (Strept)avidln-llnked poly-L-lysine/ 

DNA complex 




Biotinylated transferrin 




Biotin 



expression using the liposomes, toxic levels of cati- 
onic liposomes would have to be administered, 
whereas poly-L-lysine conjugates are non-toxic. The 
interferon-y gene was tested as a more biologically 
relevant gene and it was found that HLA expression 
increased to higher levels than would have been 
achieved if 1000 IU/ml of pure exogenous IFN-y was 
applied. Thus, targeted gene expression of IFN-y 
proved much more effective and resulted in cytotoxic 
T-cell responses in vitro. 

The normal liver expresses the epidermal growth fac- 
tor receptor (EGF-R), but this receptor is highly ele- 
vated in many squamous cell carcinomas including 
breast and lung. The monoclonal antibody B4C7, 
which is internalised by EGF-R, was used successfully 
to deliver the CAT (chloramphenocol acetyl transfe- 
rase) gene to tumour cells [58,115). Further work 
showed that this system was able to deliver a suicide 
gene, herpes simplex virus thymidine kinase [59|. The 
transfected cells were 10- times more susceptible to 



the prodrug, gancyclovir, which resulted in 70% cell- 
killing, but these results are still a long way behind 
those achieved by viral delivery of prodrug-activating 
enzymes (VDEPT) (reviewed in [60)). 

The natural ligand, EGF, has been used in a 
streptavidin-poly-L-lysine/biotinylated EGF system 
deliver the p-galactosidase gene aided by replication- 
defective adenovirus [61,116). A four-fold improve- 
ment was seen in the presence of chemically linked 
replication defective adenovirus, with 14 - 99% cell 
transfection rates observed. Whether the proliferative 
effects of the EGF had any role in the transfection rates 
is not known, but this type of approach is promising 
for the delivery of p53 or k-ras gene to correct some 
lung cancers. 

EGF-labelled liposomes have been used as an alterna- 
tive to poly-L-lysine as the DNA carrying agent [62]. 
These targeted liposomes give only a 2-fold increase 
in the level of gene expression compared to non- 
targeted liposomes, in vitro, with high transfection 
rates (6 - 8%). However, how liposomes will behave 
in vivo needs to be addressed. 

Fominaya and Wels suggested that, in general, effec- 
tive gene delivery vectors would require about 10 5 - 
10 6 adenoviral particles per target cell, or 10 - 100 liM 
fusogenic peptide, 50- 100 nM chloroquine and a nu- 
clear localisation sequence (usually sufficed by poly- 
L-lysine). An ingenious extension to their immuno- 
toxin research [28,1 17] was to replace the catalytic do- 
main of Pseudomonas exotoxin A immunotoxins with 
the DNA binding domain of the Gal 4 transcription 
factor (from yeast). Therefore, instead of delivering a 
toxin to the target cells, a gene could be delivered by 
the same route. The cell binding domain remains the 
recombinant single-chain Fv fragment against the 
erbB2 receptor, the immunotoxins translocation do- 
main can substitute for the adenovirus particles and 
the Gal 4 domain contains the DNA binding/NLS mo- 
tifs (Figure 3). The Gal 4 fragment does not have as 
high a capacity for DNA as poly-L-lysine, as it binds 
through a sequence-specific zinc finger Interaction 
rather than the non-specific electrostatic interactions 
of the latter. Any remaining negative charge was com- 
pensated by additional poly-L-lysine. Like the Pseudo- 
monas-derived Immunotoxins, these all-in-one' 
molecules express to high levels in £ co//and a high 
yield of recombinant product can be recovered. The 
added attraction of this system is that the amount and 
type of DNA which is bound in the complex can be 
controlled by the number of repeats of the Gal 4 
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Figure 3: The modular assembly of 

Variable-heavy domain Pseudomonas exotoxin A Gal4 DNA binding recombinant gene transfer molecules 

translocation domain domain (2-147) was demonstrated by Fominaya and 

(252-366) / We,s [28,117]. Here, the cell 

' Endoplasmld recognition domain is a single-chain 
reticulum retention antibody, linked to a translocation from 
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recognition sequence. The more repeats, the more 
protein can bind to the same plasmid molecule. This 
may provide a way of controlling the kinetics of plas- 
mid uptake. The Gal 4-DNA interaction is highly spe- 
cific and of high affinity, possibly stabilising the DNA 
on route to the nucleus. Cos-1 cells were successfully 
transfected with this complex. 

The ErbB2 (Her 2) receptor is restricted more to tu- 
mours than the EGF-R, and has been the subject of tar- 
geting with a humanised antibody 
(rhumAbHer 2) -poly-L-lysine conjugate [63). Gene de- 
livery was almost 200-fold higher than with an irrele- 
vant antibody. An NIH3T3 cell line transfected with 
the receptor as well as carcinomas were able to take 
up the gene specifically. 

Glycoproteins of the mucin family, have been studied 
as targets. The Tn cryptantigen, which is expressed in 
cancers, haematopoietic disorders and on the HIV vi- 
rus coat glycoprotein, is expressed in the model 'Ju- 
rkat' cell-line. This is due to a defect in the 
Tn-processing galactosyl -transferase. Gene delivery 
through this receptor has been accomplished using 
the 1E3 monoclonal antibody linked to poly-L-lysine 
[64]. Adenoviral particles increased transfection effi- 
ciency to 60%. Treatment of the cell with sialidase 
(which removes sialic acid and exposes more Tn anti- 
gen) increased gene delivery levels; competing Gal- 
NAc reduced gene expression. The transferrin 
receptor is also expressed on this cell-line and a direct 
comparison showed the Tn-antigen mediated system 
to be better. There is a 10-fold higher level of Tn anti- 
gen on Jurkat cells compared to transferrin, but gene 
delivery was 40-fold higher. However, the presence of 
multiple epitopes on a single Tn-protein may account 
for the better targeting. 



Pseudomonas exotoxin A and a 
DNA-binding domain from the Gal4 
transcription factor. The 'KDEL' 
tetrapeptide sequence promotes 
retention of the complex in the 
endoplasmic reticulum, reducing the 
amount of protein lost to lysosomal 
degradation and targeting it to the 
compartment it translocated from, by 
retrograde trafficking. 

Anti-idiotypic antibodies represent one of the few true 
tumour-specific antibodies, with successful examples 
of their targeting evident in cancer immunotherapy. A 
natural development to this was to use these receptors 
as targets for gene delivery to B-cell lymphomas [65]. 
Poly-L-lysine conjugates of anti-idiotypic antibodies 
show highly specific gene delivery. 

Various lectins have been tested as possible ligands 
for RME endocytosis of DNA by tumour cells via the 
cell surface. Concavalin A was found to work well 
when biotinylated, and linked to the poly-L-lysine 
conjugated antibiotin antibody [66]. Receptors for 
these lectins are over-expressed on many cancers 
such as Lewis lung carcinomas. 

Small molecules can also be taken up by cellular re- 
ceptors by a process called 'pinocytosis*. Folate recep- 
tors are often over-expressed on ovarian tumour cells 
and folate-labelled liposomes carrying poly-L-lysine 
condensed DNA have been successful in delivering 
genes [67] and antisense oligonucleotides [68] to the 
tumour cells. These complexes are relatively small for 
liposomes, 74 nm in diameter. Antisense EGF-R oligo- 
nucleotides were able to inhibit EGF-receptor expres- 
sion in these cells and cause a 90% reduction in cell 
growth, suggesting that significant amounts of oligo- 
nucleotide DNA can be delivered by this route. 

3.3 Gene delivery to lymphocytes 

The CD3 receptor is expressed on 95% of T-cells at a 
level of about 10 - 40,000 molecules per cell. Its mito- 
genic binding results in a rapid rate of endocytosis: 
420,000 molecules over a period of 24 h. Antibodies 
(OKT3. WT32 and UCHT-1) against the CD3 mole- 
cule, conjugated to poly-L-lysine were used to deliver 
a CMV-driven luciferase gene to T-cells [39] in the 
SPET/AVET system. Up 50% transfection rates were 
seen in Jurkat cells, increasing in the presence of 
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chloroquine and membrane-active peptides (10- to 
100-fold). In vivo. 1000 - 2000 units of interleukin-2 
were expressed from transfected Jurkat cells, which 
peaked at 24 h. Peripheral blood lymphocytes were 
transfected at a lower rate (5%) . 

A study compared the effectiveness of gene delivery 
to lymphoid cells via the CD3. CD34 and surface im- 
munoglobulin receptors, using monoclonal antibod- 
ies in a technique called antifection [29]. Although 
the transferrin receptor is prevalent on lymphoid cells, 
delivery by this route compared to these other recep- 
tors is about 1000-fold less effective. In this system, 
there is no DNA condensing agent as the plasmld 
molecule is directly coupled to the antibody. In vitro 
transfection results were not as good as conventional 
approaches, with 0. 1% transfection rates at best. How- 
ever, in vivo on spleenocytes, impressive 1 - 7% trans- 
fection rates were seen as detected by p-galactosidase 
expression and neomycin resistance. This compared 
well to the poly-L-lysine mediated system above [39]. 
There was no discussion about the size of these com- 
plexes or the stability of the DNA. A high affinity an- 
tiCD5 antibody (T101) has also been used, linked to 
poly-L-lysine to deliver a reporter gene to lympho- 
cytes [69J. 

Steel factor is peptide ligand, which binds to the c-kit 
receptor on primitive haematopoietic stem cells. 
Streptavidin-conjugated poly-L-lysine/DNA complex 
was targeted to cells by biotinylated steel factor [70] . 
After 2 h incubation, the maximal transfection effi- 
ciency approached 90% with maximal gene expres- 
sion after 30 h. The gene expression was improved 
almost 10-fold by the addition of adenovirus to pro- 
mote DNA endosomal escape. In this example, the 
strategy allowed the mixing of any biotinylated ligand 
to the DNA complex to deliver genes to a wider range 
of cells. Transferrin was used to illustrate this. The 
high efficiency of gene delivery could be used for the 
purging of bone marrow ex vivo by the delivery of sui- 
cide genes. 

Gene delivery directiy through the CD3 receptor has 
been shown to result in low levels of expression at- 
tributed to the induction of TNFa-mediated apoptosis, 
caused by binding the CD3 receptor [71]. It was shown 
that this effect could be counter-acted by the inclusion 
of anti-TNFa-antibodies during transfection, resulting 
in increased proliferation rates of transfected 
lymphocytes. 

Bispecific antibodies (bsAbs) present an alternative 
way to deliver genes to lymphocytes. This is 



exemplified by the use of an antiCD3/anti-FLAG bsAb 
to target FLAG-peptide bearing adenovirus to CD3- 
expressing cells [72|. However, this is still re-direction 
of infectious virus. 

In a study to find alternative ways to deliver toxins 
without the problems of toxin immunogenicity, Chen 
et al. |24] extended the ligand-cation polyplex re- 
search area into the area of recombinant fusion pro- 
tein construction. They created a recombinant 
antibody (Fab) against the HIV coat protein gpl20, 
fused to the human DNA binding protein protamine. 
Recombinant fusions have the advantages of being a 
homogeneous species of purified molecule, which 
can be rationally designed using the tools of protein 
engineering. This completely human-derived fusion 
protein polyplex was able to deliver the gene for a 
toxin, Pseudomonas exotoxin A, resulting in cell- 
targeted cytotoxicity. Highly cationic polypeptides are 
notoriously difficult to produce recombinantly, mak- 
ing recombinant production of such gene therapy 
vectors troublesome, although the advantages are 
attractive. 

Lymphocytes can also be targeted by interleukin-2, as 
has been seen in tumour targeting. Gene delivery fu- 
sion proteins (GDFPs) based on IL-2 and Gal4 (as the 
DNA binding domain) have been patented and shown 
to localise plasmid DNA to cells, but no expression 
was reported [118] 

3.4 Gene delivery to macrophages 

Alveolar macrophages play a role in lung homeostasis 
and pathogenesis of disease. Cognate polyclonal anti- 
bodies have been produced against the Fc-receptor of 
these cells and used chemically conjugated to a 30 
kDa poly-L-lysine chain [73]. Gene expression in puri- 
fied alveolar macrophages of (J-galactosidase was 5- 
times that of the background and increased further in 
the presence of chloroquine. Gene delivery was spe- 
cific as it was competed by unconjugated antibody 
and did not transfect Fc-R-negative cells. 

Peripheral blood macrophages possess mannose re- 
ceptors which have also been targeted for gene deliv- 
ery [74]. Mannosylated poly-L-lysine was the delivery 
vector and expression was short-lived, peaking at 4 
days and dying out 16 days. Expression was con- 
firmed to be confined to macrophages as the localisa- 
tion of non-specific esterase enzyme marker 
correlated with gene expression. The DNA com- 
plexed was well-neutralised with about a 1 :0.9 ratio of 
DNA:poly-L-lysine. The chain length was about 100 
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residues with about 1% being glycosylated. Electron 
microscopy showed the whole complex to be a fa- 
vourably small 10 - 20 nm in diameter. Such vectors 
could be used to treat reticuloendothelial storage dis- 
eases such as Gaucher's disease. 

Antisense oligonucleotides have also been delivered 
by this route [75], with the ablation of TNF-specific 
mRNA. This adds support to the view that this method 
may be able to achieve significant levels of delivered 
oligonucleotide. 

3.5 Gene delivery to epithelial cells 

Respiratory epithelial cells express the polymeric im- 
munoglobulin receptor (secretory component) which 
Is involved in transporting antibodies across mucosal 
layers. An antibody (Fab)-poly-L-lysine complex was 
used to deliver genes to epithelial cells in vitro [76] 
and in vivo [77]. Injection of the complex into rats re- 
sulted in high levels of gene expression in the surface 
epithelium and submucosal glands of the lung and 
with some expression in the liver, demonstrating ex- 
cellent targeting. The level of expression lowered 
upon multiple injections due to the illicitation of an- 
tirabbit antibodies [78]. The important findings were 
that there were no anticomplex or anti-DNA antibod- 
ies raised in response to the treatment. There was no 
activation of complement, although it is thought that 
free poly-L-lysine can activate complement by the 



alternative pathway. Airway epithelial cells represent 
a good target for gene delivery as transfection efficien- 
cies in the region of 10% may be enough to relieve the 
symptoms cause by cystic fibrosis disease [79]. 

The gastrointestinal (GI) epithelium is an important 
target in terms of absorption/secretion and digestive 
disorders and malignancies. The transferrin receptor 
can be used to deliver genes to GI epithelial cells and 
colon carcinoma cells [80]. High levels of expression 
of the serum protein apanti-trypsin were achieved, 
opening up the possibilities of correcting acquired se- 
rum protein deficiencies by this route as well as the 
liver. 

Lectins can also be used to target epithelial cells as 
well as tumour cells. Concavalin A linked to histone 
proteins have shown the most promising results by 
this route [81]. The natural affinity of adenovirus for 
epithelial cells has been exploited in the use of the vi- 
rus fibre and pentone coat proteins as targeting/fuso- 
genic proteins [82]. 

Epithelial cells are specifically bound by the invasin 
protein produced by some pathogenic bacteria as part 
of their infection process. Invasin has been used as a 
targeting ligand in conjunction with the Gal4 DNA 
binding protein to achieve specific reporter gene ex- 
pression [83]. In another example of pathogen- 
derived targeted vehicles, the cholera toxin, which is 
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composed of a AB5 hexamer, has been used to deliver 
DNA to the gastric epithelial cells normally attacked 
by the toxin itself. The cell binding domain (B 
subunit) which targets the GM1 glycolipid receptor on 
mucosal epithelia, was linked to poly-L-lysine as used 
to deliver functional cystic fibrosis gene mRNA, reduc- 
ing cystic fibrosis symptoms [106]. 

3.6 Gene delivery to other cell types 

A variety of ligands were screened for most effective 
binding to myogenic cells. Transferrin was selected 
and used to deliver genes to these cells opening up 
the possibility of targeting a correction for Duchenne 
muscular dystrophy [84|. 

Tissue-specific lung gene delivery to lung endothelial 
cells has been achieved using a monoclonal 
antibody-poly-L-lysine conjugate. The antibody rec- 
ognised the cell surface thrombomodulin [85] 

Integrin research is expanding rapidly as they are 
found to be involved in a great many cell-cell interac- 
tions. These are particularly embryogenesis, tumour 
metastasis, wound healing and T-cell function. Cyclic 
peptides containing an integrin recognition sequence 
'Arginine-Glycine-Aspartate' (RGD) has been used, 
fused to a poly-L-lysine chain [86,87,117]. The entire 
targeting construct was chemically synthesised, mak- 
ing this a simple molecule to make and develop. High 
levels of gene expression were seen in a variety of cell 
lines bearing the receptor. 

A general cell targeting construct was created by fus- 
ing the immunoglobulin-binding domain of protein A 
to the coat protein of sindbis virus [88]. Cell targeting is 
achieved by incubating the chimeric virus with a cell- 
specific monoclonal antibody. This allows cell speci- 
ficity to be altered easily by changing the antibody. 

4. Conclusions 



Presently, this approach to gene delivery is much less 
efficient than viral gene delivery. However, under op- 
timal conditions, enough gene product may be pro- 
duced to give a therapeutic benefit (e.g., suppress a 
phenotype or destroy a tumour). With current tech- 
nologies, it is very likely that multiple doses will be 
needed to maintain adequate expression levels. If the. 
complexes are not immunogenic (i.e., human pro- 
teins used) , this may be a viable option, perhaps more 
desirable in that a controllable, safer treatment modal- 
ity is achieved. Therefore, the potential drawbacks are 



compensated by the significantly lower risk levels as- 
sociated with this method. 

It is difficult to compare the efficiency of different 
gene delivery systems, especially between those that 
target different receptors as each delivery route is dif- 
ferent. Different reporter genes are used and groups 
using the same gene, e.g., luciferase, describe differ- 
ent ways of presenting the results. Nevertheless, one 
can get an idea of how good a system is by measuring 
the time of gene expression, the percentage of cells 
transfected and, ultimately, the curative effects in an 
animal model in vivo. Although better targeted, by 
these measurements, they lag behind viral methods. 

However, the practically unlimited size restraints on 
the size of DNA deliverable by these receptor- 
mediated polyplexes can give these systems a major 
advantage over viral targeting. Genes for large pro- 
teins, sets of genes or genes with complex regulatory 
sequences could easily be accommodated. The ex- 
pression of integrated genes tends to be higher for 
those that contain the correct intron structure to allow 
proper processing. This is true for transgenic animal 
gene expression [89]. 

This is certainly a growth area in gene therapy. Many 
of the targeting constructs are similar in basic structure 
(ligand-polylysine/polycation-adenovirus/fusogenic 
peptide), which has been demonstrated to be very ef- 
fective. Many of the patents in this area describe the 
novel invention (e.g., a specific ligand or coupling 
method), followed by a description of general appli- 
cability. Therefore there seems to be a large degree of 
overlap between patents. 

Research into tissue-specific targeting of tissues such 
as the liver, bone marrow stem cells and macrophages 
is well advanced, with good prospects for clinical test- 
ing. Tumour targeting of genes is also progressing 
well, basically following the same lines of receptor tar- 
gets as previous immunotoxin research. Genetic de- 
livery of toxins to tumours may prove to be more 
effective than immunotoxins. 



5. Expert opinion 

Gene delivery by ligand targeted receptor-mediated 
endocytosls of polyplexes should find its way into 
some main line gene therapy treatment schemes by 
virtue of its superior specificity, lower risk and re- 
duced size limitations. However, in order to achieve 
the levels of gene transfection and expression seen 
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with retroviral vectors, further advances need to be 
made in fields such as mammalian artificial chromo- 
somes [90]. Potentially, once genes are specifically de- 
livered, they may be maintained for long periods of 
time in a way analogous to bacterial plasmids or artifi- 
cial chromosomes (BACs) or yeast artificial chromo- 
somes (YACs) 

The powerful combination of cell-specific targeting 
via receptors and promoter specificity may allow an 
even higher degree of specificity resulting in 'super- 
-specific targeting* of genes to cells with very little 
non-targeted expression. For example, the targeting 
of genes to the liver via the asialoglycoprotein can be 
combined with the use of the liver-associated albumin 
promoter, or the genes delivered to tumour cells 
through the erbB2 receptor may be placed under the 
transcriptional control of the erbB2 promoter. There is 
already evidence of this approach being used [42], but 
there are many more possible tissue or tumour spe- 
cific promoters which could be utilised in this way 
(Table 2). 

Library selection techniques such as phage display 
will ultimately yield new tissue or tumour-specific an- 
tigens to expand the options available for cell target- 
ing. Organ-specific peptides have been isolated using 
elegant cell-selection strategies [91] or in vivo panning 
[92], The more ligands we have at our disposal, the 
better options we will have for specific targeting. 
Combinations of specificities may overcome antigen 
heterogeneity problems. 

Finally, advances in heterologous gene expression 
systems will also expand the options available in the 
construction of such delivery vectors. The ability to 
produce highly basic proteins, which are notoriously 
difficult to express recornbinantly at high levels, com- 
bined with protein engineering and rational design 
will provide the researcher with more advanced tools 
for constructing effective gene delivery agents, such 
as those which are activated to bind tumours when 
processed by tumour-derived matrix metalloprote- 
inases (as seen for recent retrovirus constructs) [93]. 

Bibliography 

Papers of special note have been highlighted as: 
of interest 

• • of considerable interest 

1 . ROSENFELD ME. CUR1EL DT: Gene therapy strategies for 
novel cancer therapeutics. Curr. Opin. Oncol. (1996) 
8:72-7. 

• Recent review of cancer-directed gene therapy. 



2. HANANIA EG. KAVANAGH J. HORTOBAGY1 G et at- Re- 
cent advances in the application of gene therapy to hu- 
man disease. Am. J. Med. (1995) 99:537-52. 

3. FRIEDMANN T: Overcoming the obsUcles to gene ther- 
apy. Sci. Am. (1997) (5):80-85. 

The whole Issue devoted to general gene therapy, easy to 
read. 

4. VILE R, RUSSELL SJ: Gene transfer technologies for the 
gene therapy of cancer. Gene Ther. (1994) 1:88-98. 

• Good general review of gene therapy vectors with emphasis 
on viruses. 

5. FENG M, JACKSON WH, GOLDMAN CK et alt Stable in 
wVogene transduction via a novel adenoviral/retrovi- 
ral chimeric vector. Nature Biotech. (1997) 15:866-870. 

6. MICHAEL SI, CURIEL DT: Strategies to achieve targeted 
gene delivery via the receptor-mediated endocytosis 
pathway. Gene Ther. (1994) 1:223-32. 

Good review of targeted gene delivery with emphasis on the 
use of adenovirus. 

7. ZUFFREY R, NAGY D, MANDEL RJ et al;. Multiply attenu- 
ated lentiviral vector achieves afilcient gene delivery 
in vivo. Nature Biotech. (1997) 15:871-875. 

8. SOM1A NV, ZUPPE M. VERMA 1M: Generation of a tar- 
geted retrovirus using a single-chain Fv: an approach 
to in Wwgene delivery. Proc. Natl. Acad. Set. USA (1997) 
92:7570-4. 

9. MICHAEL SI, HONG JS, CURIEL DT. ENGLER JA: Addition 
of a short peptide Iigatid to the adenovirus fiber pro- 
tein. Gene Ther. (1995) 2:660-668. 

10. COOPER M: Non-Infectious gene transfer and expres- 
sion systems for cancer gene therapy. Semin. Oncol. 
(1996) 23:172-187. 

• Comprehensive review of all gene therapy transfer methods 
with the emphasis on cancer. 

1 1 . SCHWARTZ AL: Trafficking of asialoglycoprotelns and 
the asialoglycoprotein receptor. Targeted Diagn. Then 
(1991) 4:3-39. 

12. CHENG S, MERLINO GT. PAST AN I: A versatile method 
for the coupling of a protein to DNA. Nucl. Acid Res. 
(1983) 11:659-69. 

1 3. WU GY. WU CH: Receptor-mediated In vitro gene trans- 
fectlon by a soluble DNA carrier system. / Biol. Chem. 
(1987) 262:4429-32. 

Landmark paper describing the first successful gene transfer 
by this method. 

14. GHET1E MA. VITETTA ES: Recent developments in im- 
munotoxln therapy. Curr. Opin. Immunol. (1994) 6:707- 
14. 

15. FELGNER PL. BARENHOLZ JP. BEHR SH et a/.: Nomencla- 
ture for synthetic gene delivery systems. Hum. Gene 
Ther. (1997) 8:511-12. 

16. CHOUDHURY NR. WU CH. WU GY eta/.: Fate of DNA tar- 
geted to the liver by asialoglycoprotein receptor- 
mediated endocytosis In vivo. J. Biol. Chem. (1993) 
268:11265-71. 



© Ashley Publications Ltd. Alt rights reserved. 



Exp. Opin. Ther. Patents (1998) 8(1) 



17. HAYNES M. GARRET RA. GRATZER WB: Structure of nu- 
cleic acid polybase complexes. Biochemistry (1970) 
9:4410-16. 

18. PERALES JC, FERKOL T. MOLAS M, HANSON RW: An 
evaluation of receptor-mediated gene transfer using 
synthetic DNAS-llgand complexes. Eur. J. Biochem. 
(1994) 226:255-66. 

• Description of a few systems, but more emphasis on the 
technological aspects of complex formation. 

19. WADHWA MS, COLLARD WT, ADAMI RC et aL Peptide 
mediated gene delivery: influence of peptide structure 
on gene expression. Bioconj. Chem. (1997) 8:81-8. 

20. KABANOV AV, KABANOV VA: DNA complexing with 
polycations for the delivery of genetic material into 
cells. Bioconj. Chem. (1995) 6:7-20. 

21. GOLDMAN CK. SOROCEANU L. SMITH N etaL In vitro/In 
vivo gene delivery mediated by a synthetic polycatl- 
onic amino polymer. Nature Biotech. (1997) 15:462-66. 

22. MURATA J. OHYA Y, OUCHI T et aL Design of quater- 
nary chltosan conjugate having antennary galactose 
residues as a gene delivery tool. Carbohydrate polymers 
(1997) 32:105-9. 

23. CHEN J, STICKLES RJ. DAICHENDT KA: Galactosylated 
histone-mediated gene transfer and expression. Hu- 
man Gene Ther. (1994) 5:429-35. 

24. CHEN S-Y. ZANI C, KHOURI Y, MARACSO WA: Design of a 
genetic immunotoxin to eliminate toxin Immunogen- 
icity. Gene Ther. (1995) 2:116-123. 

• • The first of two successful recombinant approaches. This 

may be where the future lies. 

25. MISTY AR, FALC10LA L, MONARO L et aL Recombinant 
HMG-1 protein produced In Pichla pastor 1$. A non- 
viral gene delivery agent. Biotechniques (1997) 22:718- 
720. 

26. WILKE M. FORTUNATI E. VAN DER BROEK M et aL Effi- 
cacy of a peptide-based gene delivery system depends 
on mitotic activity. Gene Ther. (1996) 3:1133-42. 

27. COTTSCHALK S. SPARROW JT. HAUER J et aL A novel 
DNA-peptide complex for efficient gene transfer and 
expression in mammalian cells. Gene Ther. (1996) 
3:448-57. 

28. FOMINAYA J, WELS W: Target cell-specific DNA transfer 
mediated by a chimeric multi-domain protein. J. Biol. 
Chem. (1996) 271:10560-68. 

• • The second recombinant approach, nicely demonstrating 

the modular design of such vectors. 

29. PONCET P. PANCZAK A, GOUPY C ef aL AntifecuW. An 
antibody-mediated method to introduce genes into 
lymphoid cells In vitro and In vivo. Gene Ther. (1996) 
3:731-8. 

30. HAENSLER J. SZOKA FCJ: Synthesis and characterisa- 
tion of a trigalactosylated bisacridlne compound to 
target DNA to hepatocytcs. Bioconj. Chem. (1993) 4:85- 
93. 

31 . WAGNER E, COTTEN M, MECHTLER K et aL DNA binding 
transfectlon conjugate as functional gene delivery 
agents-synthesis of a poly-lyslne or ethidium bromide 



Deonarain 67 

homodimer to the transferrin carbohydrate moiety. 

Bioconj. Chem. (1991) 2:226-31. 

32. COTTEN M, WAGNER E. ZATLOUKAL K: High-efficiency 
receptor-mediated delivery of small and large (48 kilo- 
base) gene constructs using the endosome disruption 
activity of defective or chemically inactivated adenovi- 
rus particles. Proc. Natl Acad. Sci. USA (1992) 89:6094-98. 
Illustrates one of the major advantages of this approach. 

33. CURIEL DT, AGRAWAL S. WAGNER E et aL Adenovirus 
enhancement of transferrin poly Lysine mediated 
gene delivery. Proc. Natl Acad. Sci. USA (1991) 88:8850-54. 
An important development with the Introduction of adeno- 
virus to promote endosomal release. 

34. CURIEL DT, WAGNER E, COTTEN M et aL High efficiency 
gene transfer mediated by adenovirus coupled to 
DNA-poly-Lysine complexes. Human Gene Ther. (1992) 
3:147-54. 

35. WAGNER E. ZATLOUKAL K, COTTEN M etaL Coupling of 
adenovirus to transferrin-poly-Lysine/DNA com- 
plexes greatly enhances receptor-mediated gene deliv- 
ery and expression of transfected cells. Proc. Natl, 
Acad. Sci. USA (1992) 89:6099-103. 

36. CRISTIANO R, SMITH L, WOO S: Hepatic gene transfer: 
efficient gene delivery and expression in primary he- 
patocytes utilising a conjugated adenovirus-DNA com- 
plex. Proc. Natl Acad. Sci. USA (1993) 90:11548-52. 

37. ZAUNER W, BLAAS D, KUECHLER E. WAGNER E: 
Rhinovirus-mediated endosomal release of transfec- 
tlon complexes. / Virol. (1995) 61:1085-92. 

38. WAGNER E, PLANK C. ZATLOUKAL K et aL Influenza vi- 
rus hemagluttinin HA-2 N-terminal fusogenic peptide 
augments gene transfer by transferrin-poly- 
Lysine/DNA complexes: towards a synthetic virus-like 
gene transfer vehicle. Proc. Natl. Acad. Sci. USA (1992) 
89:7934-8. 

39. BUSCHLE M. COTTEN M, KIRLAPPOS H ef aL Receptor- 
mediated gene transfer into human T-Iymphocytes via 
binding of CD3 DNA/antibody particles to the CD3 T- 
cell receptor complex. Human Gene Ther. (1995) 6:753- 
61. 

40. FISHER KJ. WILSON JM: The transmembrane domain of 
diphtheria toxin improves molecular conjugate gene 
transfer. Biochem. J. (1997) 321:49-58. 

41. WU, G Y and WU. CH: Receptor-mediated gene delivery 
and expression in vivo. J. Biol. Chem. (1988) 263:14621-4. 

42. WU GYM, WILSON JM. SHALABY F ef aL Receptor- 
mediated gene delivery in vivo: partial correction of 
genetic analbuminenia in nalgase rats. J. Biol. Chem. 
(1991) 266:14338-42. 

Impressive in vivo results showing actual therapeuUc 
promise. 

43. EDWARDS RJ, CARPENTER DS. MINCHIN RF ef aL Uptake 
and intracellular trafficking of asialoglycoproteln- 
poly Lysine/DNA complexes in isolated rate hepato- 
cytes. Gene Ther. (1996) 3:937-40. 

44. STANKOVICS J, CRANE AM. ANDREWS E: Over- 
expression of human methyl malonyl coA mutase in 



© Ashley Publications Ltd. All rights reserved. 



Exp. Opln. Ther. Patents (1998) 8(1) 



68 Ligand-targeted receptor-mediated vectors for gene delivery 



mice after in vivo gene transfer with asialoglycopro- 
teln/poly Lysine/DNA complexes. Human Gene Ther. 
(1994) 5:1095-1104. 

45. OH S, RIH J. KWON H et at.: lactoferrin as a gene- 
delivery vehicle to hepatocytes. Exp. Mot. Med. (1997) 
29:111-16. 

46. HUCKET B. AR1ATTI M. HAWTREY A: Evidence of tar- 
geted gene transfer by receptor-mediated endocytosis. 

Blochem. Pharm. (1990) 40:253-63. 

47. PERALES JC. FERKOL T. BEEGEN H: Sustained expres- 
sion and regulation of genes introduced into the liver 
by receptor-targeted uptake. Proc. Natt. Acad. Sci. USA 
(1994) 91: 4086-90. 

48. SCHNEIDER H, HASE K, B1RKENME1ER G et at.: Gene 
transfer mediated by a2-macroglobulln. Nucl. Acids Res. 

(1996) 24:3873-4. 

49. Z1ADY AG. PERALES JC, FERKOL T et ai.: Gene transfer 
into hepatoma cell lines via the serpln enzyme com- 
plex receptor. Am. J. Physiol. Gastrointest Liver Physiol. 

(1997) 36:545-52. 

50. DING Z-M, CR1STIANO RJ, ROTH JA et at.: Malarial cir- 
cumsporozoite protein Is a novel gene delivery vehicle 
to primary hepatocytes cultures and cultured cells. J. 

Bioi. Chem. (1995) 270:3667-76. 

51. HARA T, ARAMAKI Y, TAKADA S et ai.: Receptor- 
mediated transfer of pSV2CAT DNA to mouse liver us- 
ing asialofetuin-labelled liposomes. Gene Ther. (1995) 
2:784-88. 

52. REMY J-S. K1CHLER A. MORDVINOV V et ai.: Targetted 
gene transfer into hepatoma cells with 
lipopolyamine-condensed DNA particles presenting 
galactose ligands: a stage towards artificial viruses. 

Proc. Natt Acad. Sci. USA (1992) 92:1744-8. 

53. RAMANI K, BORA RS. KUMAR M: Novel gene delivery to 
liver cells using engineered vlrosomes. FEBSLett. (1997) 
404:164-8. 

54. COTTEN M, LANGLE-ROUAULT F. KIRLAPPOS H et ai: 
Transferrin-pol ycation mediated introduction of DNA 
into leukemic cells. Proc. Natl Acad. Sci. USA (1990) 
87:4033-7. 

55. ZATLOUKAL K, SCHMIDT W, COTTEN M et at.: Somatic 
gene therapy for cancer: the utility of transferrinfec- 
tion in generating tumour vaccines. Gene (1993) 
135:199-2071. 

56. SCHOEMAN R. JOUBERT D, ARIATTI M et ai.: Further 
studies on targeted DNA transfer to cells using a highly 
efficient delivery system of blotlnylated transferrin 
and blotlnylated poly-Lysine complexed to strepta- 
vidln. J. Drug Target (1995) 2:509-15. 

57. COLL JL. WAGNER E, COUMBERT V et a/.: In vitro target- 
ing and specific transfection of human neuroblastoma 
cells by chCE7 antibody-mediated gene transfer. Gene 
Ther. (1997) 4:156-61. 

58. CHEN J. GARMOU S, TAKAYANAGI A et a/.: A novel gene 
delivery system using EGF-receptor mediated endocy- 
tosis. FEBS Lett. (1994) 338:167-9. 



59. SH1M1ZU N, CHEN J GARMOU S. TAKAYANAGI A: Immu- 
nogene approach toward cancer therapy using eryth- 
rocyte factor receptor-mediated gene delivery. Cancer 
Gene Ther. (1996) 3:113-20. 

60. DEONARAIN MP. SPOONER RA, EPENETOS AA: Genetic 
delivery of enzymes for cancer therapy. Gene Ther. 
(1995) 2:235-44. 

6 1 . CR1ST1ANO RJ. ROTH JA: Epidermal growth factor medi- 
ated DNAS delivery into lung cancer cells via the EGF- 
receptor. Cancer Gene Ther. (1996) 3:4-10. 

62. KIKUDl A. SUGAYAM J, VEDA H eta/.: Efficient gene ther- 
apy to EGF-receptor over-expressing cancer cells by 
means of EGF-labelled cation liposomes. Biochem. Bio- 
phys. Res. Commun. (1996) 227:666-71. 

63. FOSTER BJ, KERN H: Her-2 targeted gene therapy. Hu- 
man Gene Ther. (1997) 8:719-27. 

64. THURNER M. WAGNER E, CLAUSEN H et al.\ Carbohy- 
drate receptor-mediated gene transfer to human T- 
leukaemic cells. Glycobiology (1994) 4:429-35. 

65. SCHACHTSCHABEL U, PAVLINKOVA G. LOU DY, KOHLER 
H: Antibody-mediated gene-delivery for B-cell lym- 
phoma in vitro. Cancer Gene Ther. (1996) 3:365-72. 

66. BATRA RK, WANG-JOHANNING F, WAGNER E et ai: 
Receptor-mediated gene delivery employing lectin 
binding epitopes. Gene Ther, (1994) 1:255-60. 

67. LEE RJ, HUANG L: Folate targeted anionic liposome- 
entrapped poiyamine condensed DNA for tumour 
cell-specific gene therapy. J. Biol. Chem. (1996) 
271:8481-87. 

68. WANG S. LEE RJ, COUCHON G et ai.: Delivery of anti- 
sense oligodeoxyribonucleotides against the human 
epidermal growth factor receptor into cultured KB 
cells with liposomes conjugated to folate via poly- 
ethylene glycol. Proc. Natl. Acad. Sci. USA (1995) 92: 
3318-22. 

69. MERWIN JR, CARM1CHAEL EP. NOEL GS et at.: CD5- 
receptor mediated specific delivery of DNA to T- 
lymphocytes: compart mentallzatlon augmented by 
adenovirus / Immunol. Meth. (1995) 186:257-266. 

70. SCHWARZENBERGER P, SPENCE SE. GOOY JM et a/.: 
CD5-mediated gene transfer to human hematopoietic 
progenitor cell lines through the c-kit receptor. Blood 

(1996) 87:472-78. 

7 1 . EBERT 0, FINKE S, SALAHI A et ah: Lymphocyte apopto- 
sis: Induction by gene transfer techniques. Gene Ther. 

(1997) 4:296-302. 

72. WICKHAM TS. LEE GM. TITUS JA et at.: Targeted 
adenovirus mediated gene delivery to T-cells via CD3. 

I Virol. (1997) 71:7663-9. 

73. ROJANASAKAL Y. WANG LY. MALANGA CJ et ai: Targeted 
gene delivery to alveolar macrophages via Fc-receptor 
mediated endocytosis. Pharm. Res. (1994) 11:1731-6. 

74. FERKOL T, PERALES JC, MULAR F et a/.: Receptor- 
mediated gene transfer Into macrophages. Proc. Natt. 
Acad. Sci. USA (1996) 93: 101-5. 



© Ashley Publications Ltd. All rights reserved. 



Exp, Opin. Ther. Patents (1998) 8(1) 



Deonarain 69 



75. ROJ/VNASAKAL Y, WEISSMAN DN, SHU XL et at.: Anti- 
sense inhibition of silica-Induced tumor necrosis fac- 
tor in alveolar macrophages. J. Biol. Chem. (1997) 
272:3910-4. 

76. FERKOL T, KAETZEL CS. DA VIES B et at.: Gene transfer 
into respiratory epithelial cells by targeting the poly- 
meric immunoglobulin receptor. / Clin, Invest. (1993) 
92:2394-2400. 

77. FERKOL T, PERALES JC. ECKMAN E et al.: Gene transfer 
into airway epithelium of animals by targeting the 
polymeric immunoglobulin receptor. J. Clin. Invest 
(1995) 95:493-02. 

78. 



79. COUTELLE C. CALPEN N, HART S et a/.: Gene therapy for 
cystic fibrosis. Arch. Di$. child. (1993) 68:437-43. 

80. BATRA RK, BERSCHNE1DER H, CURIEL DT et air. Molecu- 
lar conjugate vectors mediate efficient gene transfer 
Into gastro-lntestinal epithelial cells. Cancer Gene Ther. 
(1994) 1:185-192. 

81. YIN W, CHENG P-W: Lectin conjugate directed gene 
transfer to airway epithelial cells. Biochem. Biophys. Res. 
Common. (1994) 205:826-33. 

82. FENDER P, RUIGROK RWH. GOUT E et al.: Adenovirus 
dodecahedron, a new vector for human gene transfer. 

Nat Biotech. (1997) 15:52-56. 

83. PAUL RW. WEISSER KE. LOOMKS A et al.: Gene transfer 
using a novel fusion protein Gal4/Invasin. Human 
Gene Ther. (1997) 8: 1253-1262. 

84. FEERO WG. LI S, ROSENBLATT JD et at.: Selection and use 
of ligands for receptor-mediated gene-delivery to myo- 
genic cells. Gene Ther. (1997) 4:604-74. 

85. TRUBETSKOY VS, TORCH1LIN VP, KENNEL SJ, HUANG L: 
Use of N-terminal modified poly-L-lyslne-antibody 
conjugate as a carrier for targeted gene delivery in 
mouse lung endothelial cells. Bioconj. Chem. (1992) 
3:323-327. 

86. HART SL. HERBOTTLE RP, COOPER R et al. Gene Delivery 
and expression mediated by an integrin-binding pep- 
tide. Gene Ther. (1995) 2:552-554. 

87. HART SL, COLLINS L, CUSTFSSON K, FABRE JW: Integrin- 
medlated transfection with peptides containing 
arglnlne-glycine-aspartic acid domains. Gene Ther. 
(1997) 4:1225-30. 

88. OHNO K. SAWAI K, L1JIMA Y et al. : Cell-specific targeting 
of Slndbis virus vectors displaying IgG binding do- 
mains of protein A. Nature Biotech. (1997) 15:763-67. 

89. WRIGHT G, CARVER A, COTTOM D et al.: High level ex- • 
presslon of active human alpha- 1 -antitrypsin in the 
milk of transgenic. Biotechnology (1991) 9:830-34. 

90. HUXLEY C: Mammalian artificial chromosomes: A new 
tool for gene therapy. Gene Ther. (1994) 1:7-12. 



91. BARRY MA, DOWER WJ, JOHNSTONE SA et al.: Toward 
cell specific targeting gene therapy vectors: selection 
of cell binding peptides from random peptide present- 
ing phage libraries. Nature Biotech (1997) 15:52-56. 

92. PASQUALINl R, RUOSLAHTI E: Organ targeting in vivo 
using phage display peptide libraries. Nature (1996) 
380:364-6. 

• A demonstration of the power of phage-dlsplay library se- 
lection to Isolate new targeting ligands. 

93. PENG K-W, MORL1NG FJ, COSSET F-L et al.: A gene deliv- 
ery system activated by disease associated matrix- 
metalloprotelnases. Human Gene Ther. (1997) 8:729-38 



101. SUPRATEK PHARMA, INC.: W0915778 (1996). 

102. CHIRON VIAGENE, INC.: WO9621036 (1996). 

103. BOEHRINGER INGELHEIN INT. GMBH: EP-535576-A 
(1993). 

104. BOEHRINGER INGELHEIN INT. GMBH: WO93027283 

(1993) . 

105. BOEHRINGER INGELHEIN INT. GMBH: WO9510624 

(1995) . 

106. MAXIM PHARM.: WO9705267 (1997). 

107. RADIUMHOSPITALETS FORSKINING: WO9607432 (1996). 

108. UNIV. OF CONNECTICUT: W09222635 (1992). 

109. UNIV. OF CONNECTICUT: WO9423050 (1994), 

1 10. UNIV. OF CONNECTICUT: WO9406923 (1994). 

111. MED. RES. COUNCIL: W09619241 (1996). 

1 12. OHIO UNIV. et al.: WO9525809 (1995). 

113. BOEHRINGER 1NGELHEIM INT. GMBH: WO9421808 

(1994) . 

114. VIAGENE. INC.: WO9531560 (1995). 

115. SHIMIZU et al.: JP7216000 (1995). 

1 16. UNIV. OF TEXAS SYSTEM: WO9630539 (1996). 

117. WELS W: W09613599 (1996). 

1 18. TARGETED GENETICS CORP.: W09528494 (1995). 

1 19. IMPERIAL COLLEGE OF SCI, TECH. & MED.: W0961581 1 

(1996) . 



Mahendra P Deonarain 

Dept of Biochemistry. Imperial College of Science, Technology & 
Medicine, London. SW7 2AY, UK 
(Email: m.deonarain@ic.ac.uk) 



FERKOL T. PELLICENA-PALLE A, ECKMAN E et al.: Immu- 
nological responses to gene transfer into mice via the 
polymeric immunoglobulin receptor. Gene Ther. (1996) Patents 
3:669-78. 



© Ashley Publications Ltd. All rights reserved. 



Exp. Opin. Ther. Patents (1998) 8(1) 



Molecular therapy in pancreatic adenocarcinoma 



Mary J MacKenzie 



Pancreatic cancer is one of the commonest causes of death 
from cancer. Despite therapy with surgery, conventional 
chemotherapy, and radiation, 5-year survival for patients 
with this diagnosis remains poor. However, advances in the 
molecular understanding of this malignant disease over the 
past 5 years might lead to new treatment strategies. 
Strategies of gene therapy, antiangiogenic treatments, 
immunotherapy, and signal-transduction inhibition are in 
preclinical development. This review presents an overview of 
molecular therapy In pancreatic cancer. 

Lancet Oncol 2004; 5: 541-49 

Pancreatic cancer (figure 1) is the fourth commonest cause 
of death from cancer in men and women, with 5-year 
survival for all stages of disease of less than 5%. Most 
patients with cancer of the pancreas are diagnosed at an 
advanced stage and are therefore not candidates for surgical 
resection.' 

A pivotal randomised trial has shown that gemcitabine is 
more effective than fluorouracil in the alleviation of disease- 
related symptoms such as pain, low performance status, and 
weight loss. J A large phase III trial of gemcitabine alone or in 
combination with fluorouracil in advanced pancreatic cancer 
showed that combination treatment did not significantly 
improve median survival (67 months) compared with single- 
agent gemcitabine (5-4 months).' Therefore, single-agent 
gemcitabine continues to be the standard therapy in the 
palliative treatment of pancreatic cancer. 

Several other combination chemotherapy regimens have 
been investigated in phase II clinical trials and have 
included: gemcitabine plus cisplatin (median survival 
7-4—8*3 months); gemcitabine plus irinotecan (median 
survival 6-0 months); gemcitabine plus docetaxel 
(median survival not yet reported); and gemcitabine plus 
oxaliplatin (median survival 9 2 months). At present, a 
randomised phase II study to compare single-agent 
gemcitabine with combinations of gemcitabine with 
cisplatin, docetaxel, gemcitabine, or irinotecan is being done 
by the Cancer and Leukemia Group B. 4 

Combination treatment with radiotherapy and 
chemotherapy has been assessed in the treatment of locally 
advanced pancreatic cancer. Several cooperative-group trials 
have shown that chemoradiotherapy slightly improves 
median survival. Larger phase II randomised trials are 
needed to define the precise role and benefits of 
combination therapy in patients with locally advanced 
disease. 5 




Figure 1. Histological section of pancreatic adenocarcinoma. 



Despite several phase II trials of chemoradiotherapy 
regimens, no clinically meaningful gains have yet been made 
in the treatment of pancreatic cancer. There is an urgenl 
need for more effective therapy for patients with advanced 
disease. Potential approaches might include gene therapy, 
antiangiogenic agents, immunotherapy, and inhibitors of 
cell signalling. This review addresses advances in the 
molecular therapy of pancreatic cancer over the past 5 years. 

Gene therapy 

This technique aims to eradicate cancer cells by the 
manipulation of intracellular genetic material. Strategics 
might include attempts to restore the function of inhibited 
tumour-suppressor genes or inhibit the function of 
activated oncogenes. The theoretical basis for gene therapy is 
the assumption that elimination, or restoration, of the 
activity of a single gene product will reverse the malignant 
phenotype. However, this hypothesis ignores the evidence 
that pancreatic cancer results from the mutation of not one, 
but many genes. The effectiveness of gene therapy depends 
on the technical ability to inhibit or restore gene products in 
most of the tumour cells. 

The genetics of pancreatic cancer make it one of the 
most complex malignant diseases, with more mutations 
than any other common tumour type. Some pancreatic 



MJM is a fellow at the Juravinski Cancer Centre. Hamilton, Ontario. 
Canada. 

Correspondence: Dr Mary MacKenzie, Juravinski Cancer Centre, 
Hamilton, Ontario LBV 5C2, Canada. Tel: +1 905 387 9495. 
Fax: +1 905 575 6326. Email: mary.mackenzie@hrcc.on.ca 



THE LANCET Oncology ^Vol 5 September 2004 http://oncology.thelancet.com 



541 



Molecular therapy In pancreatic cancer 



Table 1. Common genetic mutations" 



Gene 

Oncogenes 

KRAS2 
LSM1 
AKT2 
MYB 

Tumour-suppressor genes 
or maintenance genes 

ARPC5 

P53 

SMAD4 

BRCA2 

STK11 

MAP2K4 

TGFBR1 

TGFBR2 {MSI1 negative) 
TGFBR2 {MS1 1 positive) 
MLH1 



Frequency of mutation {%) 

95 
87 

10-20 
10 



>90 

50-75 

55 

7-10 

5 

4 

1 

1 

3 

3 



tumours might have mutations in five or more genes. 
Mutations can occur in oncogenes, tumour-suppressor 
genes, or maintenance genes" and can subsequently activate 
oncogenes or inactivate tumour-suppressor genes, leading to 
a malignant phenotype (table I ). 

Antisense strategies 

Antisense gene therapy aims to prevent the transcription or 
translation of cancer-associated genes. It involves the 
production of short segments of dcoxynucleotides that 
bind to target DNA or RNA to inhibit production of 
proteins. 9 

HRAS is the most commonly mutated oncogene in 
pancreatic cancer and many other cancers, and has thus 
been a therapeutic target for many studies of antisense 
sequences. Studies done in vitro have confirmed that 
transfection with plasmids that contain KRAS2 antisense 
inhibits the growth of pancreatic-cancer cell lines. 10 In a 
phase II trial of the antisense inhibitor of HRAS, ISIS 2503, 
in 30 patients with advanced pancreatic carcinoma, the 
main toxic effects were mild thrombocytopenia and 
asthenia. Two patients had disease stabilisation, and median 
time to progression was 2 months (range 1-7). 11 In a follow- 
up trial on 48 patients, the toxic effects with the 
combination of ISIS 2503 and gemcitabine were similar 
to those seen with gemcitabine alone. Median survival 
was 6-6 months, and 14-6% of patients responded to 
combination treatment (with one complete response and 
six partial responses). Larger trials of this antisense agent 
are planned. 1 ' 

LSM1 is an oncogene that is ovcrexprcsscd in 87% of 
pancreatic cancers. An adenovirus engineered to express* 
antisense RNA to the LSM1 gene has been studied in vitro 
and in vivo, showing decreased expression of LSM1 mRNA 
and decreased anchorage-independent growth of pancreatic- 
cancer cells. A single intratumoral injection of the 
adenovirus significantly extended the survival of mice with 
severe combined immunodeficiency and pancreatic cancer. 7 



Replacement of tumour-suppressor genes 
P53 is mutated in most pancreatic carcinomas, and has thus 
been the focus of several preclinical studies. Wildtype 
(unmutated) P53 transduced into pancreatic-cancer cell 
lines by use of adenovirus vectors and retrovirus vectors 
causes growth inhibition and apoptosis. ,,,H 

The proapoptotic gene P73 is a member of the P53-gene 
family and, when overexpressed, binds to target sites in 
P53 DNA, activates P53-responsive genes, and induces 
cell-cycle arrest and apoptosis. Rodlickcr and Putzcr 15 have 
shown that an adenoviral vector that encodes P73 
promotes apoptosis in several pancreatic-cancer cell lines, 
including cell lines known to be resistant to P53 
replacement. 15 

SMAD4 is a tumour-suppressor gene that is associated 
with a poor prognosis when inactivated in pancreatic cancer. 
Transfer of this gene by use of adenovirus to pancreatic- 
cancer cell lines deficient in SMAD4 was associated with 
restoration of SMAD4 expression and function, and 
inhibition of tumour growth was seen in mice transfected 
with the gene. IA 

Suicide-gene therapy 

Also called gene-directed enzyme prodrug therapy, this 
strategy is a two-step process. First, a vector delivers a gene 
into the tumour cell that leads to expression of an enzyme. 
Second, a prodrug is administered that is activated 
selectively by the enzyme. Because the activating enzyme is 
present only in tumour cells, these cells selectively 
accumulate high concentrations of active, toxic drug. The 
most well-known example of this approach is the herpes 
simplex virus thymidine kinase/ganciclovir system. 

Suicide-gene therapy has produced variable results in 
animal studies on pancreatic cancer. In human pancreatic- 
cancer cell lines, Wang and co-workers" showed that 
suicide-gene treatment substantially decreased survival of 
tumour cells. Makinen and colleagues 18 found similar 
positive results in vivo, as well as in vitro. However, other 
studies have not confirmed the efficacy of suicide genes in 
pancreatic-cancer cell lines. 1 *" 0 Although this approach has 
not been assessed in clinical trials for patients with 
pancreatic cancer, results for other tumour sites have not 
been encouraging. 21 " 

Oncolytic-virus therapy 

Replication-selective viruses are able to replicate 
preferentially in, and therefore lyse, cancer cells while 
sparing healthy tissue.' 0 Adenovirus ONYX-015 prefer- 
entially replicates in, and kills, cells that have defective or 
deficient P53 function (ie, 50-75% of pancreatic cancers). In 
a phase I / 1 1 clinical trial to assess intratumoral injection of 
ONYX-015 by use of endoscopic ultrasonography in 
combination with intravenous gemcitabine, 21 patients with 
advanced pancreatic cancer reported few procedure-related 
combinations. Two patients experienced partial responses, 
two had minor responses, six had stable disease, and eleven 
had progressive disease. These results indicate that oncolytic 
viruses could be a practical method of gene therapy in the 
future. 24 
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Targeting apoptotic pathways 

Apoptosis is essential for carcinogenesis and tumour 
progression. Two signalling routes can lead to apoptosis: 
the intrinsic pathway (initiated in mitochondria) and the 
extrinsic pathway (initiated by the binding of death- 
receptor ligands to specific death receptors on the cell 
surface)/ 5 Most approaches to gene therapy target the 
extrinsic pathway. 

Katz and colleagues" studied the efficacy in vitro and in 
vivo of an adenovirus vector that targets TRAILR1 and 
TRAILR2, two members of the death-receptor subfamily 
thus initiating apoptosis in pancreatic-cancer cell lines and 
mice xenografts. The vector expresses a gene that encodes 
the death-receptor ligand, TRAIL, which binds to the 
death receptors and initiates apoptosis. Use of TRAIL in 
targeted therapies has been associated with toxic effects in 
healthy tissues, especially in the brain and liver. To promote 
the selective expression of TRAIL in cancer cells only, 
Katz and colleagues used a human telomerase reverse- 
transcriptase promoter. Telomerase is active in more than 
85% of cancer cells, but not in healthy cells. Thus, under the 
control of a human telomerase reverse-transcriptase 
promoter, the TRAIL gene should be activated only in 
cancer cells. This method has yet to be tested in humans, 
but results in mice with pancreatic cancer have been 
encouraging. 2 * 

Immunomodulatory gene therapy 

Cytokines can inhibit the development and progression of 
tumours, and systemic administration of cytokines can elicit 
antitumour effects but might also cause unacceptable toxic 
effects. Direct intratumoral injection of vectors that encode 
genes for cytokines might help avoid the systemic toxic 
effects associated with intravenous administration of 
immunomodulatory agents. 

Several efforts have been made to achieve therapeutic 
concentrations of cytokines by intratumoral injection. 
Peplinski and colleagues" gave a recombinant vaccinia virus 
that encoded human interleukin 1(3 to mice with established 
pancreatic tumours. Both intratumoral and intravenous 
routes of administration of the virus caused a significant 
decrease in tumour size (p<0-001).' 7 

A vector that encoded both interleukin 12 and 
a costimulatory molecule, B7.1, was associated with 
complete regression of tumour in 80% of mice with 
pancreatic-tumour xenografts. Moreover, when the 
mice were rechallenged with the same tumour cells, 70% 
of those previously cured remained tumour-free. This 
finding suggests that protective immunity had been 
conferred.** 

Other investigators have tested the strategy of inducing 
pancreatic tumours to express the receptor for a cytokine, 
and then administering systemic or local therapy with that 
cytokine. For example, Kawakami and colleagues 29 injected 
pancreatic-cancer xenografts with a plasmid that encoded 
the ol2 chain of the interleukin- 1 3 receptor, followed by 
treatment with interleukin 13. The modified tumours 
became highly sensitive to the antitumour effects of 
interleukin 1 3."" 



Table 2. Clinical trials of gene therapy 



Trial 

CEA peptide 1 -6D either emulsified in 
montanide ISA-51 , or dissolved in 
granulocyte-monocyte colony- stimulating 
factor in H LA- A2 -positive patients with 
adenocarcinomas from the 
gastrointestinal tract that produce CEA 
SS1 (dsFv)-PE38 immunotoxin in patients 
with advanced mesothelin-expressing 
malignant disease 

Autologous dendritic cells infected with 
recombinant fowlpox-CEA-TRICOM vaccine in 
patients with advanced or metastatic malignant 
diseases that express CEA 
IMB-immunotoxin In patients with 
advanced adenocarcinoma that overexpress 
Lewis-Y antigen 



Developmental 



CEA, carcinoembryonic antiQen. 

Summary of gene therapy 

Advances in the knowledge of the genetics of pancreatic 
cancer provide exciting new opportunities for the appli- 
cation of gene therapy. cDNA microarray analysis provides 
an opportunity to identify new gene targets, One study/ 0 for 
example, has identified the overexpression of 1 03 genes that 
were not previously reported to be associated with 
pancreatic cancer. 

However, more practically, the ability to construct 
vectors that are capable of safe, efficient, and selective gene 
transfer remains limited.""" The intricate genetics of 
pancreatic carcinoma also complicate the present situation: 
pancreatic cancer is the result of cumulative and complex 
genetic mutations and restoration or deletion of single-gene 
function is unlikely to have a real clinical benefit, especially 
given that patients generally present with advanced disease. 
Table 2 lists current clinical trials of gene therapy for patients 
with pancreatic cancer. 

Antiangiogenic strategies 

Angiogencsis is a crucial step in tumour growth and 
metastasis and has therefore been investigated intensively, 
with inhibition of angiogenesis emerging as a valuable 
therapeutic strategy/ 1 

Angiogencsis occurs when there is an imbalance of 
proangiogenic and antiangiogenic factors. Vascular endo- 
thelial growth factor (VEGF) is a proangiogenic glycoprotein 
that has a mitogenic effect on vascular endothelial cells and 
thus promotes tumour angiogenesis. Many trials have 
shown an association between tumour concentrations of 
VEGF and disease progression. Several agents that act at the 
level of VEGF and its receptors have been studied 
preclinically and in clinical trials.* 4 

DC101, an antibody against mouse VEGF receptors, has 
been investigated in nude mice with human pancreatic 
cancer. Blockade of VEGF receptors by DC 101 was 
associated with a significant decrease in the growth of 
primary tumours compared with untreated mice (p<0 01 ). 
After resection of the orthotopically placed tumour, analysis 
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showed decreased microvessel density (suggestive of an 
antiangiogenic effect) and increased areas of hypoxia. 
Furthermore, these effects were increased by the addition of 
gemcitabine to DClOl." 

One of the most studied monoclonal antibodies against 
the VEGF receptor in humans is bevacizumab. In a large 
randomised trial on patients with colorectal cancer, this 
agent has shown a significant benefit for median survival 
when used in combination with chemotherapy (compared 
with chemotherapy alone, p=0-00003).* Bevacizumab has 
also shown a survival benefit in metastatic RCC/ 7 Reported 
toxic effects included hypertension, proteinuria, and 
increased frequency of thromboembolism. 

In a phase II trial, 40 patients with stage IV pancreatic 
carcinoma were given combination treatment with 
bevacizumab and gemcitabine; 33 were evaluable for 
response. The interim results showed that six-month 
survival was 74%; projected 1-year survival is 54%. Eight 
patients (24%) had partial responses with a median duration 
of 9 months, and 13 patients (39%) had stable disease. If 
these results can be confirmed in larger phase III trials, this 
treatment could vastly improve the outlook for patients with 
stage IV pancreatic cancer. Such trials are in development." 

Thalidomide also has antiangiogenic properties and has 
been assessed together with chemotherapy in patients with 
pancreatic cancer. The exact angiogenic pathways that 
thalidomide targets remain unknown, but substantial 
reduction of VEGF-stimulated growth of blood vessels has 
been observed in studies on animals. Thalidomide probably 
exerts its effects through anti-inflammatory pathways." In a 
small phase I trial of patients with advanced pancreatic 
cancer whose disease had progressed while they were 
receiving gemcitabine, patients were given the combination 
of thalidomide and docetaxcl. Median survival was 15 weeks, 
but patients with cancer refractory to treatment with 
gemcitabine might be expected to have poor outcomes. 
Phase II trials on thalidomide for advanced pancreatic 
cancer are planned. 40 

Preclinical studies continue to assess agents with 
antiangiogenic activity mediated through pathways other 
than VEGF. Multisynthctase complex auxiliary component 
P43 (also called endothelial-monocyte-activating protein II, 
EMAPII) is a tumour-derived cytokine that has potent 
effects on endothelial cells, including upregulation of tissue 
factor and modulation of tumour necrosis factor, 41 In vivo, 
EMAPII has antitumour activity in mice xenografted with 
human pancreatic-tumour xenografts. Treatment with 
EMAPII decreased intratumoral microvessel counts, 
suggesting that it inhibits angiogenic pathways (although the 
specific pathways are not yet identified). 42 

Several other agents with antiangiogenic mechanisms of 
action are under development in clinical trials. These include 
the small-molecule, tyrosine-kinase inhibitor of VEGF 
receptors SU! 12, 4 *- 4 ' the aspergillus derivative TNP-470, 44 
and the integrin inhibitor cilengitide. 454 * These agents have 
not yet been studied in phase II trials on patients with 
pancreatic cancer. 

Matrix metalloproteinases are a group of proteolytic 
enzymes that are important in the degradation of 



extracellular matrix — a key step in the process of angio- 
genesis. Therefore, inhibitors of these enzymes could be 
potential antiangiogenic agents. 47 Two large clinical trials of 
matrix-metalloproteinase inhibitors have been completed 
for patients with pancreatic cancer. However, neither trial 
found that they have significant clinical activity. 4 "' 4 ' 
Preclinical studies with new matrix-metalloproteinase 
inhibitors, which might have higher activity, are under way. 50 

Summary of antiangiogenic therapy 

VEGF has emerged as an important potential therapeutic 
target in pancreatic (as well as other) malignant diseases. 
Bevacizumab, an antibody that targets VEGF, has shown 
encouraging results in phase II clinical results. Large 
randomised trials with this agent in pancreatic cancer are 
planned. The potential benefits of bevacizumab in an 
adjuvant setting in pancreatic carcinoma have yet to be 
investigated, but an advantage is that the angiogenic process 
would be targeted earlier when cells might be more sensitive 
to the action of VEGF inhibitors. 

Immunotherapy 

Stimulation of a patient's own immune system to achieve an 
antitumour response can involve non-specific immune 
stimulation such as that seen in earlier studies. For example, 
Coley 51 used this method to treat patients with sarcomas who 
had severe bacterial infections/ 1 In later studies, bacillus 
Calmette-Guerin was used in immunotherapy of patients 
with various malignant diseases. 52 

Immunotherapy can be either humoral (ie, involving 
antibodies) or cell mediated (ie, involving cytotoxic T 
cells). Immunotherapeutic agents that stimulate humoral 
immunity include monoclonal antibodies that target 
tumour-specific antigens." Cetuximab, a monclonal anti- 
body against epidermal-growth-factor receptor (EGFR), 
and trastuzumab, a monoclonal antibody against HER2, 
could be potential therapeutic agents for pancreatic cancer. 

Cell-mediated immunotherapy requires the selection of 
a tumour antigen (or antigens) to produce a vaccine. At first, 
vaccines that used whole-cell lysates (and therefore several 
unspecified tumour antigens) were used. More recently, 
sophisticated technology has enabled the selection of specific 
protein targets and the development of agents specifically 
aimed at these targets. The selection of the tumour- 
associated antigen to exploit in making a vaccine is crucial: 



Table 3. Tumour-associated antigens 44 



Antigen 


Type 


Frequency {%) 


CA19-9 


Carbohydrate antigen 


90 


CA 242 


Carbohydrate antigen 


90 


Mesothelin 


Glycoprotein 


89 


LSM1 


Oncoprotein 


87 


CEA 


Oncofetal protein 


85-90 


GA733-1 


Glycoprotein 


85 


HER2 


Oncoprotein 


27-80 


KRAS2 


Oncoprotein 


75-100 


MUC1 


Glycoprotein 


90 


P53 


Tumour-suppressor protein 


40-70 
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an antigen should be selectively expressed by tumour tissue 
and not healthy tissue, and should have high immuno- 
genicity (table 3). 

Peptide antigens that could act as immune epitopes in 
pancreatic cancer include MUC1 (mucin 1) and CEA 
(carcinoembryonic antigen). MUC1 is a large glycosylated 
protein that is expressed on glandular epithelium. Preclinical 
and animal studies suggest vaccines that exploit this epitope 
can generate an immune response. v A clinical trial that 
enrolled patients with several tumour types, including 
pancreatic cancer, attempted to strengthen the immune 
response to MUC1 by transfection of MUC1 cDNA into 
dendritic cells, which are potent antigen-presenting cells. 
Immunisation with repeated injections of the autologous 
dendritic cells engineered to express MUC1 increased 
the frequency of mucin-specific, interferon-secreting 
CD8-positive T cells in some patients. These findings suggest 
an immune response in these patients, and further studies of 
this technology are under way. 5 * 

The CEA glycoprotein is expressed in small amounts in 
healthy epithelium of the colon and is overexpressed in 
several malignant diseases. Preclinical and clinical studies of 
vaccines that use the CEA epitope have been completed. 
Most clinical trials have involved patients with colorectal 
cancer and several have shown immune responses, although 
a significant clinical benefit is yet to be shown by large 
clinical trials." There have been few clinical trials on CEA for 
pancreatic cancer, but one group 55 has studied a CEA- 
targeted, autologous dendritic-cell vaccine in three patients 
with resected pancreatic cancer. Although the sample size 
was very small, there were no reported toxic effects, and all 
three patients remain disease-free more than 30 months 
after surgery. 

One clinical trial has assessed the efficacy of vaccination 
with mutant HRAS peptides in 40 patients with pancreatic 
cancer of variable stage. Synthetic mutant HRAS 
polypeptides were processed by presentation through each 
patient's own antigen-presenting dendritic cells, which were 
loaded with RAS peptides and then injected inlradermally 
along with granulocyte-macrophage colony-stimulating 
factor to increase the immune response. Peptide-specific 
immunity was induced in 58% of patients. Of patients with 
advanced cancer, those who responded to treatment had 
longer survival (148 days) than patients who did not respond 
(61 days, p«0-0002)* 

Jaffee and colleagues" tested a new vaccine in an 
adjuvant setting in patients with resected pancreatic cancer. 
Two cell lines of pancreatic cancer were tested, both of 
which were genetically modified to express the human 
cytokine granulocye-macrophage colony stimulating factor. 
The cellular vaccines were administered to 14 patients who 
had undergone pancreaticoduodenectomy. Dclayed-typc 
hypersensitivity in response to the autologous tumour cells 
occurred in three patients, who also had disease-free survival 
of longer than 25 months at the time the study was 
published. 57 

Serial analysis of gene expression and other emerging 
technology has resulted in the identification of new marker 
proteins for pancreatic cancer, such as prostate stem-cell 
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Figure 2. Activation of epidermal-growth-factor receptor (EGFR) stimu- 
lates a cascade of downstream kinase proteins. EGF, epidermal-growth 
factor; FT, farnesyl transferase. 



antigen, 5 * surviving and mesothelin/ 0 that could become 
targets for immunotherapeutic agents. Mesothelin, a cell- 
surface glycoprotein expressed in pancreatic cancer, ovarian 
cancer, and mesotheliomas, is expressed in 89% of 
pancreatic adenocarcinomas, but not in adjacent healthy 
pancreatic tissue. A recombinant immunotoxin, SSI 
(dsFv)PE38, has been developed to target mesothelin and is 
presently in phase I trials. 60 

Summary of immunotherapy 

Microarray technology and serial analysis of gene expression 
have identified new targets for vaccine development. 
However, similar advances are needed in the technical 
features of vaccine administration and in eliciting the 
maximum immune response. The most encouraging results 
in pancreatic cancer have been seen in an adjuvant setting, 
when there is a lower burden of malignant cells and perhaps 
less heterogeneity among tumour cells. 

Inhibitors of signal transduction 
Agents that target EGFR 

EGFR, a member of human epidermal receptor family of 
transmembrane receptor tyrosine kinases, has a crucial role 
in the growth, repair, and functional differentiation of cells. 
Receptor tyrosine kinases are overexpressed in many solid 
tumours, including pancreatic cancer. Activation of the 
receptors through the binding of ligands (eg, EGF and 
transforming growth factor a) leads to receptor dimerisation 
and autophosphorylation, which triggers a signalling 
pathway that results in proliferation, angiogenesis, and 
metastasis of tumour cells (figure 2).*' 

Increased expression of EGFR is seen more than 90% 
of pancreatic-cancer samples 62 and coexpression of EGFR 
and its ligands in pancreatic cancer is associated with 
increased tumour size, advanced clinical stage, and poor 
prognosis. 63 
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Monoclonal antibodies directed at EGFR and small- 
molecule inhibitors of the tyrosine-kinase function of this 
receptor inhibit the function of the EGFR. The monoclonal 
antibody cetuximab has been studied the most extensively in 
clinical trials. 

Tumour response and time to progression were assessed 
in a phase II study of weekly cetuximab with gemcitabine in 
41 patients with advanced pancreatic adenocarcinoma who 
had not previously received chemotherapy, 89% of whom 
had presence of EGFR confirmed by immunohistochemical 
analysis. After two courses of treatment five patients 
achieved a partial response and 16 had stable disease or a 
minor response. Toxic effects included rash, fatigue, and 
fever. 64 Median time to progression was 15 weeks and 1-year 
survival was 32% — results that compare favourably with a 
previous large phase III trial on a similar group of patients. 2 

Small-molecule inhibitors of EGFR that have been 
investigated in phase III clinical trials include erlotinib and 
gefitinib. Both agents are reversible inhibitors of the 
tyrosine-kinase function of EGFR and have shown activity 
in vivo in animal studies of human pancreatic cancer. 
In mice with orthotopic tumours, administration of an 
EGFR tyrosine-kinase inhibitor decreased tumour size by 
45% — an effect that was augmented by the addition of 
gemcitabine. Therapeutic effects were mediated partly by 
inhibition of tumour-induced angiogenesis and increased 
apoptosis."* 

In a small phase IB clinical trial of erlotinib and 
gemcitabine in patients with advanced pancreatic cancer or 
other malignant diseases potentially responsive to this 
combination, four patients with pancreatic cancer had stable 
disease and substantial declines in tumour antigen CA19-9, a 
marker of pancreatic-tumour activity. The most common 
toxic effects were rash, diarrhoea, fatigue, and neutropenia. 
Acneiform rash and diarrhoea have consistently been the 
dose-limiting toxic effects in clinical trials of small-molecule 
inhibitors of EGFR. A randomised phase III trial in which 
patients are assigned gemcitabine alone or gemcitabine plus 
erlotinib is under way."" 

A phase I multicentre study has assessed the irreversible 
inhibitor of EGFR, EKB-569, combined with gemcitabine 
in 29 patients with advanced pancreatic cancer; according 
to a preliminary report, dose-limiting toxic effects included 
diarrhoea and increased concentration liver transaminases. 
One patient has remained on treatment for 8 months, but 
more data on the efficacy of this combination are needed. 67 

HER2, also a member of the EGFR family, does not have 
a cognate ligand and instead is a coreceptor that forms 



heterodimers with other members of the EGFR family, thus 
stimulating downstream signal-transduction pathways." 
The humanised monoclonal antibody trastuzumab binds to 
HER2 and preclinical studies have confirmed its activity in 
several tumour types that express HER2. M Trastuzumab has 
proven efficacy in the treatment of HER2-positive metastatic 
breast cancer. 

Studies to assess the expression of HER2 in pancreatic 
cancer have had discrepant results. Gibbs and co-workers 70 
analysed a series of 51 resected or biopsy samples of 
pancreatic tumours for expression of HER2. Suprisingly, only 
one tumour expressed HER2. Other studies have found 
HER2 expression in 31 of 151 patients (21%) who were 
considered for a phase II clinical trial of trastuzumab and 
gemcitabine. Patients whose tumours overexpresscd HER2 
were offered the combination regimen. Most recent data 
from this study shows 22% of patients have had a partial 
response and 50% a significant reduction in CA19-9. 71 

Intracellular pathways downstream of EGFR 

After EGFR binds its ligand, dimerises, and auto- 
phosphorylates, a cascade of downstream factors is activated. 
These signals are propagated to the nucleus to affect cellular 
proliferation, angiogenesis, apoptosis, and metastasis. 
A well-documented pathway is the GRB2/SOS 1 /H RAS/ 
RAF1/MAP2K/MAPK pathway and agents that target these 
signalling proteins are in various stages of clinical 
development. 

A highly selective small-molecule inhibitor of MAP2K 
called CI-1040 has shown activity in human-cancer 
xenografts (including pancreatic cancer) and in a phase II 
clinical trial on 67 patients — 15 patients with pancreatic 
cancer who had not previously received chemotherapy and 
52 patients with other tumours (including lung cancer and 
breast cancer) who had previously been given at least one 
line of chemotherapy. One patient with pancreatic cancer 
had stable disease; however, no objective responses were 
observed. 72 

Further upstream, the HRAS protein controls gene 
transcription and cellular proliferation. To function in the 
signal-transduction cascade, HRAS must physically associate 
with the inner surface of the cell membrane by preylation — 
the addition of a lipid moiety by the enzyme famesyl 
transferase. Thus, farnesyl transferase has become a focus of 
drug development. 7 ' 

In a phase II trial of initial therapy with the farnesyl- 
transferase inhibitor tipifarnib in 20 patients with metastatic 
pancreatic cancer, analysis of peripheral-blood monocytes 



Table 4. Clinical trials of targeted agents 



Agent 

Flavopiridol (with radiotherapy) 

SS1 (dsFv)-PE38 

UCN-01 (with gemcitabine) 

Erlotinib (with gemcitabine) 

Bortezomib (with or without gemcitabine) 

Triapine (with gemcitabine) 

TNFerade (with fluorouracil and radiotherapy) 



Mechanism 

Cyclin-dependent kinase inhibitor 

Immunotherapy directed at mesothelin protein 

Inhibition of protein kinase C 

Inhibition of epidermal-growth-factor receptor 

Proteosome inhibition 

Inhibition of ribonucleotide reductase 

Adenovirus-based stimulation of tumour-necrosis-factor secretion 



Developmental phase 

I 

I 

I 

I 

II 
II 
II 
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Search strategy and selection criteria 

Data for this review were identified by searches of PubMed, 
and the websites of the American Society of Clinical Oncology 
(from 1995 to April, 2004) and American Association of Cancer 
Researchers (from 2002 to April, 2004) using the search terms 
"pancreatic cancer", "gene therapy", "immunotherapy", 
"angiogenesis", and "signal transduction". References from 
relevant articles identified by the above search strategy were 
also used. Only papers published in English, up to April, 2004, 
were included. 

by pharmacodynamic testing showed a decrease in activity 
of farnesyl transferase. However, the trial could not detect 
any significant clinical activity for tipifarnib, 74 

A multicentre phase III trial randomly assigned 
688 patients with advanced pancreatic cancer to gemcitabine 
and tipifarnib or gemcitabine and placebo. Median survival 
did not differ significantly between the two treatment 
groups; however, patients assigned gemcitabine and 
tipifarnib had an improved quality of life than did those 
assigned placebo." 

The protein kinase SRC also plays an important part in 
signal transduction, as well as in the mediation of 
interactions between pancreatic-cancer cells and the 
extracellular matrix. A specific inhibitor of SRC has been 
tested in three human pancreatic-cancer cell lines, in which 
there was complete inhibition of SRC activity as shown by 
pharmacodynamic analysis. Moreover, cellular invasiveness 
was greatly decreased. 76 Other investigations have also 
confirmed the efficacy of SRC inhibitors in nude mice with 
pancreatic cancer." 

Summary of signal-transduction inhibitors 

Although preclinical evidence for the efficacy of signal- 
transduction inhibitors in pancreatic carcinoma is encourag- 
ing, results of clinical trials on single agents have been 
disappointing. Clinical trials that combine these inhibitors 
with chemotherapy are under way: like the combination of 
trastuzumab and paclitaxel in therapy for breast cancer, 
signal-transduction inhibitors might have greater efficacy if 
used with standard chemotherapeutic agents. 

Conclusion 

Most patients with pancreatic cancer have a poor prognosis. 
Despite advances in the molecular understanding of this 
malignant disease, initial results from clinical trials of targeted 
agents have been disappointing. However, encouraging 
results have been seen in the past year with the development 
of newer agents such as bevacizumab, the monoclonal 
antibody to VEGF. Technology continues to advance to 
methods of delivering gene therapy, antiangiogenic strategies, 
and identification of immune targets. Clinical trials that 
combine chemotherapy and signal-transduction inhibitors 
have shown some benefit in treatment of non-pancreatic 
cancers, and the results of other combination trials of 
pancreatic cancer (tabic ^ ) arc eagerly anticipated. 
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Clinical picture 

Digital gangrene and Raynaud's phenomenon as 
complications of lung adenocarcinoma 

Petros Koptertdes, Nikolas Tsavaris, Athanasios Tzioufas, Dimitrios Pikazis, and Andreas Lazaris 




A 65-year-old woman with stage IIIB lung adenocarcinoma 
that had been diagnosed 6 months earlier presented to 
our department complaining of severe pain and new- 
onset discoloration of her fingertips on exposure to cold. 
A physical examination showed symmetrically normal distal 
pulses, but most of the fingers were cold and cyanotic from 
the distal interphalangeal joints to the tips, and four of 
the fingers were gangrenous (see figure). Extensive 
work-up including testing for hepatitis viruses B and C, 
HIV, disseminated intravascular coagulation, antinuclear 
antibodies, rheumatoid factor, antineutrophil cytoplasmic 
antibodies, extractable nuclear antigens, anticardiolipin and 
antiphospholipid antibodies, serum complement concentra- 
tions, cold agglutinins, and cryoglobulins remained negative 



or normal. Kchocardiographic analysis ruled out endo- 
carditis. She was diagnosed with paraneoplastic Raynaud's 
syndrome and given a calcium-channel blocker (nifedipine), 
unfractionated heparin, aspirin, and intravenous prosta- 
cyclin. Despite a very brief improvement in symptoms, 
the gangrene progressed, and three fingers needed to be 
amputated. 1 week later, she developed respiratory failure 
and died. 

Abrupt onset of Raynaud's phenomenon and digital 
ischaemia in elderly patients without abnormal laboratory 
findings and negative past medical history of thrombo- 
embolic disease, arteriosclerotic occlusion, or rheumalo- 
logical disorders should lead to a thorough search for an 
underlying malignant disorder. 
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Suicide gene therapy with HSV-TK in pancreatic 
cancer has no effect in vivo in a mouse model 

P. Fogar*, E. Grecof, D. Bassof, W. HabelerJ, F. Navagliaf, 
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Aim: To study in vivo whether pancreatic cancer tumour growth and metastasis can be modified by a gene construct 
with HSV-TK suicide gene and IL2 co-expression. 

Methods: Seventy-eight female SCID mice were i.p. inoculated with retrovirally transduced or control MIA PaCa 2, 
CAPAN-I and PANC-I cell lines. The animals were then randomly selected for saline or ganciclovir (GCV) treatment 
from the second week, for a total of two weeks. 

Results: Most inoculated mice developed tumour nodules and spleen metastases. The liver was colonized by control 
CAPAN- 1 and MIA PaCa 2, but not by PANC- 1 . Tumours in transduced MIA PaCa 2 cell injected mice were smaller, and 
in transduced CAPAN-I injected mice larger, than in control-inoculated mice. There were increased pancreatic and 
decreased spleen metastases from transduced CAPAN-I, and diminished liver involvement from transduced MIA PaCa 
2. No differences were found between mice inoculated with transduced and control PANC- 1 cell lines. GCV treatment 
had no effect on tumour's size or metastases. 

Conclusions: The HSV-TK suicide gene does not confer GCV sensitivity to pancreatic cancer in this in vivo model. 
Different pancreatic cancer cell lines cause different growth and metastasis patterns after inoculation in SCID mice, 
possibly because of variations in their inherent characteristics. The different effects of our vector on cell growth and 
metastasis may be attributable to the effects of the immunostimulatory cytokine IL2. 

© 2003 Elsevier Ltd. All rights reserved. 

Key words: suicide gene therapy; pancreatic cancer; HSV-TK; animal model. 
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INTRODUCTION 

Most pancreatic adeno-carcinomas are refractory to 
conventional treatment. 1 1 Cancer gene therapy involves 
suicide genes. A gene encoding for an enzyme which 
converts a pro-drug into a cytotoxic agent is transferred 
into the cancer cell. 3 " 7 The most commonly used suicide 
gene approach uses the herpes simplex virus-thymidine 
kinase (HSV-TK). This converts the pro-drug ganciclovir 
(GCV) into its toxic phosphate derivate. The phos- 
phorylated compound, incorporated into newly syn- 
thesized DNA, induces chain termination, and selectively 
kills dividing cells. 8 * -12 The HSV-TK system is efficient, 
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and encouraging results have been obtained in several 
tumours, including pancreatic cancer. 13 " 18 However, 
complete tumour eradication is not always achieved 
because the current vector cannot deliver the functional 
gene to a sufficient number of cells. The bystander effect, 
which allows an amplification of the suicide effect, is 

19 — 26 

limited for some tumour cell types. 

Tumour cells can be genetically engineered to produce 
various cytokines which enhance the host immune 
antitumour response. Pancreatic cancer cell lines trans- 
duced with interleukin (IL)2, 4, 6, 12, 15, the tumour 
necrosis factor alpha, or the granulocyte-macrophage 
colony-stimulating factor, shows an inhibited growth. 
Some authors have found that they lead to complete 
tumour regression in subcutaneous nude mice 
models. 27-32 IL2 and IL4 also provide protection against 
subsequent re-inoculation of parental pancreatic cell 
lines. 2 IL2, in particular, is a T-cell growth factor that 
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enhances: (I) non-specific immune responses, such as 
activation of macrophages, natural killer cells, and 
lymphokine-activated killer cells; (2) major histocompat- 
ibility complex-restricted cytotoxic T-cell responses. 

The aim of the present study was, therefore, to 
evaluate whether a gene construct co-expressing human 
IL-2 and HSV-TK can counteract pancreatic cancer 
growth and spread in an in vivo experimental model. 



MATERIALS AND METHODS 

Reagents 

Dulbecco's modified Eagle's medium (DMEM), RPMI 
1 640 medium, fetal calf serum (FCS), trypsin, genetycin 
(G4I8), superscript II™ reverse transcriptase and 
gentamycin were purchased from Invitrogen (Italy). Taq 
DNA polymerase was purchased from Promega (Italy). 
GCV, high pure RNA isolation kit and XTT assay were 
purchased from Roche Molecular Biochemicals (Italy). 
The EIA assay for IL2 measurement was supplied by 
BioSource Europe S.A. (Italy). 

Cell cultures 

Three human pancreatic cancer cell lines were used. MIA 
PaCa 2 and CAPAN-I were supplied by the American 
Type Culture Collection (ATCC) and PANC-I, was a gift 
from Professor Aldo Scarpa, University of Verona-Italy. 
MIA PaCa 2 and PANC- 1 cells were from human primary 
pancreatic adenocarcinomas, CAPAN-I cells were from 
a liver metastasis from pancreatic ductal adenocarci- 
noma. The cells were kept in continuous culture (75 cm 2 
flasks) at 37 °C in a humid atmosphere with 5% C0 2 and 
95% air. MIA PaCa 2 cells were grown in DMEM 
supplemented with 0.1% gentamycin, 2% glutamine and 
10% FCS; PANC-I cells were grown in RPMI sup- 
plemented with 0.1% gentamycin and 10% FCS, whereas, 
CAPAN-I cells were grown in RPMI supplemented with 
0. 1% gentamycin and 20% FCS. Cell growth was assessed 
using the XTT assay. Briefly, for each cell line, 1000 cells 
were seeded per well in a 96 well culture plate on day 0. 
XTT assay was made by adding 50 uX reagent to each 
well, followed by 4 h incubation at 37 °C and by final 
spectrophotometry reading at 450 nm. 

Retroviral vector 

The retroviral vectors pLIL-2TKSN and LXSN, donated 
by Professor Giorgio Paid, Institute of Microbiology, 
University of Padova-ltaly, were Moloney-based retro- 
viral vectors expressing human IL2 and HSV-TK (pLIL- 
2TKSN) or the only IL2 (LXSN), through a cap- 
dependent translation and an internal ribosome entry 
site (IRES)-regulated translation. 33 



Transduction of pancreatic cancer cell 
lines with the retroviral vector 

All pancreatic cancer cell lines were transduced with the 
vector pLIL-2TKSN. The pancreatic cancer cell line Mia 
PaCa 2 was also transduced with the vector LXSN. 
Tumour cells (5 X 10 s ) were plated on 75 cm 2 tissue 
culture flasks and cultured for 7 days. The culture 
medium was replaced with 5 mL of retroviral vectors 
supernatants and polybrene (8 |xg/mL) for 4 h. Forty- 
eight hours after transduction, the cells were selected 
with a neomycin analogue, genetycin (G4I8, 0.5- 
l.5mg/mL) for 15 days. The surviving colonies were 
subcultured and established as permanent transduced 
cell lines. 

Detection of HSV-TK gene expression 
by RT-PCR analysis and IL2 
measurement 

Total RNA was isolated from pLIL-2TKSN transduced 
and control cell lines using affinity columns. Reverse 
transcription was performed using at least 3 u.g of total 
cellular RNA, random hexamer primers (250 ng) and the 
enzyme, Superscript II™ reverse transcriptase (200 U). 
Two microlitre of cDN A were added to 23 jxL of mixture 
containing 2.5 u*L of 10 X PCR buffer, 1.5 u.L of 
magnesium chloride (25 mM), I uX of 5 mM dNTP 
solution, 1.25 |xL each of the forward 
(5'CTGCGGGTTTATATAGACGG3') and reverse 
(5'CATTGTTATCTGGGCGCT3') TK primers 
(12.5 pmol), 0.25 pi of Taq DNA polymerase (1.25 U) 
and 1 6 |xL of H 2 0. The PCR cycles were: 94 °C for 3 min; 
94 °C for 30 sec; 53 °C for I min; and 72 °C for I min for 
40 cycles; a final extension step was run at 72 °C for 
7 min. The PCR product (a 237 bp region of the TK gene) 
was visualized by electrophoresis on 3% agarose gel 
stained with ethidium bromide. IL2 protein levels were 
measured in transduced and non-transduced MIA PaCa 2 
cell culture supernatants. 

Mouse experiments 

The three pLIL-2TKSN and the three control cell lines 
were tested in mice. Seventy-eight female SCID mice 
(mean weight 60 g, age six weeks, Charles River 
Laboratories S.p.A., Milano, Italy) were used for the 
experiments. All animals received i.p. 5 X I0 6 transduced 
or control cells suspended in 500 jxL phosphate buffered 
saline (PBS) at the beginning of the experiments. For each 
cell line, six groups were identified (Table I). Starting on 
day eight of cell inoculation, 500 uX PBS or GCV 
(lOOmg/kg/day) were i.p. injected daily until day 21. 
The mice were then followed up until day 3 1 (end of the 
experiment). At autopsy, any peritoneal tumours were 
macroscoplcally and microscopically evaluated and the 
larger (A) and smaller (6) diameters measured and 
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Table I Identification of SCID mice experimental groups 



Cell lines and number of mice per group (in brackets) 



Day of sacrifice 



pLIL-2TKSN vector 



Treatment 



CAPAN-1 (n = 3) 
MIA PaCa2 (n = 3) 
PANC-I (n = 3) 
CAPAN-I (n = 5) 
MIA PaCa2 (n = 5) 
PANC-I (n = 4) 
CAPAN-I (n = 4) 
MIA PaCa2 (n = 5) 
PANC-I (n = 4) 
CAPAN-I (n = 3) 
MIA PaCa2 (n = 3) 
PANC-I (n = 4) 
CAPAN-I (n = 3) 
MIA PaCa2 (n = 6) 
PANC-I (n = 4). 
CAPAN-I (n = 3) 
MIA PaCa2 (n = 3) 
PANC-I (n = S) 



30 



30 



30 



30 



Yes 



Yes 



Yes 



No 



No 



No 



No 



PBS 



GCV 



No 



PBS 



GCV 



For each cell line (CAPAN-I, MIA PaCa 2, and PANC-I), the groups were identified on the basis of pLIL-2TKSN transduced or 
control injected cells, treatment type and sacrifice time. At the beginning of the experiments all mice received i.p. 5 X I0 6 pLIL- 
2TKSN transduced or control cells. PBS or GCV treatments were started on day eight. 



recorded. Tumour volume (V; a rotational ellipsoid) 
was calculated according to the formula: V(mm 3 ) = 
A(mm) X B 2 (mm) 2 /2, in agreement with previous litera- 
ture reports. 30,34-37 To reduce data dispersion and 
simplify the analysis, tumour masses were grouped into 
three main categories: (I) absent; (2) volume less than 
60 mm 3 ; (3) volume greater than 60 mm 3 . None of the 
animals had macroscopically evident metastases. The 
presence or absence of liver, pancreas, lung, kidney and 
spleen metastases was verified by microscopy. Eight mice 
died during the experimental protocol. 



Statistical analysis 

The statistical analysis of data was made using the analysis 
of variance, the chi-square test and Fisher's exact test. 



RESULTS 

Growth and IL2 secretion of transduced 
and non-transduced cell lines 

Figure I panel A shows the growth pattern of control 
MIA PaCa 2 and of the same cell line after transduction 
with the retroviral vectors, pLIL-2TKSN and LXSN, 
Although, the two permanently transduced cells lines 
tended to have a more accelerated growth pattern than 
control cells, the difference was not statistically 
significant. 

No detectable levels of IL2 protein were found in the 



control MIA PaCa 2 culture medium, whereas pro- 
duction paralleling cell growth and cell number was found 
in the culture media of permanently transduced MIA 
PaCa 2, irrespective of the vector used. Figure I panel B 
shows the pattern of IL2 levels in pLIL-2TKSN MIA 
PaCa 2. 

Figure I panel C shows the growth pattern of pLIL- 
2TKSN transduced and non-transduced CAPAN-I and 
PANC-I cell lines. 



Detection of HSV-TK gene expression 
in cell lines 

The expression of HSV-TK mRNA of permanently 
transduced MIA PaCa 2, CAPAN-I and PANC-I, before 
they were inoculated in mice, was evidenced by RT-PCR. 
All three transduced cell lines expressed HSV-TK mRNA, 
which appeared as a 237 bp product after agarose gel 
eiecrophoresis. 

Results on day 7 

Table 2 shows the results obtained after one week from 
pLIL-2TKSN transduced or control cell lines inoculation. 
The number of mice developing or not developing 
tumour masses, liver or spleen metastases are reported 
together with a statistical analysis of data comparing, for 
each cell line, pLIL-2TKSN transduced and control 
injected mice. Sixty-six percent of MIA PaCa 2 injected 
mice did not develop primary tumour masses. All 
CAPAN-I and 86% of PANC-I injected mice developed 
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Panel A 

TRANSDUCED AND CONTROL MIA PaCa 2 GROWTH CURVES 




0 I ■ 1 I I I l l 

1 2 3 4 5 7 8 

DAYS OF CULTURE 



-+_LXSN -»-pLIL-2TKSN CONTROL 



Panel B 

IL2 LEVELS IN CULTURE M KM A OF pLIL-2TKSN TRANSDUCED 
MIA PaCa 2 CELL LINE 



25 i 




DAYS OF CULTURE 



Panel C 

CONTROL AND TRANSDUCED PANC-1 AND CAPAN-1 CELL GROWTH 



2n 




0 I I ■ l ■ ■ l 

1 2 3 4 7 8 

DAYS OF CULTURE 



CONTROL PANC-1 pLIL-2TKSN PANC-1 | 

CONTROL CAPAN-1 -K- pLIL-2TKSN CAPAN-1 

Figure I Panel A: Growth curves of non-transduced (control), LXSN and pLIL-TKSN-transduced MIA PaCa 2 cell lines. Bars 
represent standard errors. Panel B: IL2 levels measured in tissue culture media of pLIL-2TKSN transduced MIA PaCa 2 cell lines. A 
different number of cells were seeded in a 24 well culture plate. Bars represent standard errors. Panel C: Growth curves of non- 
transduced (control) and pLIL-2TKSN transduced PANC-I and CAPAN-I cell lines. 
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Table 2 Findings on day seven 

Cell line (overall no. mice) Tumour masses Hepatic metastases Splenic metastases 



Absent <60mm 3 >60mm Present Absent Present Absent 



Control CAPAN-I (n = 3) 


0 


2 


1 


2 






1 


0 






3 


pLIL-2TKSN CAPAN-I (n = 3) 


0 


2 


1 


0 






3 


1 






2 


Fisher's exact test 




p: NS 






P 


; NS 






P- 


NS 




Control PANC-I (n = 4) 


0 


2 


2 


0 






4 


2 






2 


pLIL-2TKSNPANC-l (n = 3) 


1 


1 


1 


0 






3 


1 






2 


Fisher's exact test 




p: NS 






P 


: NS 






P' 


NS 




Control MIA PaCa 2 (n = 3) 


2 


1 


0 


0 






3 


3 






0 


pLIL-2TKSN MIA PaCa 2 (n « 3) 


2 


1 


0 


0 






3 


3 






0 


Fisher's exact test 




p: NS 






P 


: NS 






P 


NS 





At the beginning of the experiment all mice received l.p. 5x10 pLIL-2TKSN transduced or control cells. No treatment was 
performed during the first week The absolute number of mice that did not develop, or developed tumour masses with a volume 
less or larger than 60 mm 3 , liver or spleen metastases are reported. The statistical analysis of data was made comparing, for each 
cell line, pLIL-2TKSN transduced and control injected mice. 



peritoneal tumours one week after inoculation. In none 
of the cell lines studied was a difference found between 
transduced and control injected mice considering for 
tumour masses. Unlike most transduced or control 
CAPAN-I injected mice, transduced or control MIA 
PaCa 2 mice developed spleen metastases. Liver 
metastases were found in 66% of control CAPAN-I 
injected mice. 

No mice had pancreatic, lung and kidney metastases 
after one week. 

Results on day 30 

None of the mice had lung or kidney metastases. 

Results for mice injected with control cell lines after 
PBS treatment: the CAPAN-I and MIA PaCa 2 cell lines 
caused more frequent liver metastases (66.6%) than 
PANC-l (0%). In MIA PaCa 2 injected mice, spleen 
metastases were more frequent (83.3%) than in the 
other two lines (66.6% for CAPAN- 1 and 50% for PANC- 
I). All MIA PaCa 2 injected mice had tumours larger than 
60 mm 3 , while they were found in 50% of PANC-I and 
33% of CAPAN-I injected mice. Pancreatic metastases 
were recorded in 100% of CAPAN-I, 50% of PANC-I 
and 83% of MIA PaCa 2 injected mice. 

Figure 2 shows the results for tumour masses in 
transduced and control cell lines injected mice after PBS 
treatment. CAPAN-I, MIA PaCa 2 and PANC-I results 
are reported in panels A, B and C, respectively. £ — 
4.44, p < 0.05 for CAPAN-I, ^ = I 1.0, p < 0.01 for 
MIA PaCa 2. ^ = 2.33, p: NS for PANC-I. In 
transduced CAPAN-I injected mice, all tumours were 
>60 mm 3 (100%) in volume, unlike in control CAPAN-I 
injected mice (x* = 8.0, p < 0.05) (panel A). In mice 
injected with the transduced or control PANC-I cell line, 
no differences were found for tumour masses 
t* 2 = 2.33, p : NS) (panel B). In transduced MIA PaCa 



2 injected mice, tumours were absent (60%) or less than 
60 mm 3 (40%) in volume, unlike in control MIA PaCa 2 
mice, all of which presented tumours larger than 60 mm 3 
(;^= 1 1.0, p< 0.01) (panel C). 

Figure 3 shows the results for liver, spleen and 
pancreatic metastases in transduced and control cell lines 
injected mice after PBS treatment. CAPAN-I, MIA PaCa 
2 and PANC-I results are reported in panels A, B and C, 
respectively. The percentages of mice developing liver 
(L), spleen (S) or pancreatic (P) metastases are reported. 
In mice injected with transduced or control CAPAN-I, a 
significant difference was found in the development of 
spleen O^ 2 = 4.44, p < 0.05) and pancreatic (^ = 4.8, 
p < 0.05), but not of liver metastases (x 1 = 1.9, p : NS) 
(panel A). No significant difference was found for any 
parameter considering PANC-I cells (panel B). In 
transduced MIA PaCa 2 injected mice, no liver metas- 
tases were found, unlike in control MIA PaCa 2 injected 
mice, 36.3% of which presented liver metastases 
(X* = 5.24, p < 0.05). No significant differences were 
found when spleen and pancreatic metastases were 
considered (panel C). 

GCV treatment had no effect on tumour volume, liver 
and spleen metastases of mice injected with pLIL-2TKSN 
transduced CAPAN-I, PANC-I or MIA PaCa 2 cells. 



DISCUSSION 

The features of pancreatic cancer include cell cycle 
regulator alterations, with mutations of oncogens and 
tumour suppressor genes and the ability to escape the 
immune surveillance, allowing tumour cells to grow and 
metastasize 38,39 The novel gene therapy approach 
investigated in the present paper allows the insertion of 
DNA sequences into the tumour cell genome, with a 
view to counteracting tumour growth and spread, 
conferring tumour cell sensitivity on chemotherapeutical 
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Figure 2 Results at one month for tumour masses in pLIL-2TKSN transduced and control injected mice after PBS treatment. 



HSV-TK GENE THERAPY IN VIVO 



727 



S 100 



CO 

o 

> 



(0 

o 
a 



75 



S 50 



25 



PANEL A 




s 



□ pLIL-2TKSN CAPAN-1 ElControl CAPAN-1 



PANEL B 



75 



8 100 
o 

0) 

:i so 

w 
o 
a 



25 





□ pLIL-2TKSN MIA PaCa 2 H Control MIA PaCa 2 



PANEL C 



(o 

<D 
</> 

O 

0) 
> 



100 
75 



o 
a 



£ 50 



25 





□ pLIL-2TKSN PANC-1 B Control PANC-1 



Figure 3 Results at one month for hepatic (L), splenic (S) and pancreatic (P) metastases in pLIL-2TKSN -transduced and control 
injected mice after PBS treatment. Fisher's exact test: * = p < 0.05. 



agents and/or enhancing the host immune response. In 
theory, a gene construct consisting of more than one 
gene, and acting on different targets, should have an 
enhanced therapueutic potential. We verified in vivo the 
effects of a gene construct consisting of the suicide gene 
HSV-TK and the immunostimulatory cytokine, IL2, which 



was retrovirally transduced into three pancreatic cancer 
derived cell lines with different metastatic potentials in 
order to cover, at least in part, the broad spectrum of 
biological variability of this tumour type. A vector 
expressing only IL2 was also tested in vitro in one of 
these lines, MIA PaCa 2. The in vitro growth patterns of 
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MIA PaCa 2 non-transduced and transduced with the 
two vectors were quite similar, although the two 
transduced lines exerted growth that was slightly faster 
than that in control line (Fig. I). Furthermore, the two 
transduced lines released similar amounts of IL2 in 
culture media. This suggests that the presence of the 
HSV-TK gene in the vector does not interfere with IL2 
transcription and translation. 

HSV-TK, a suicide gene, causes transfected cells to be 
highly sensitive to the pro-drug, GCV. 5,8,28 In several 
tumour types, including pancreatic cancer, the HSV-TK 
gene inhibits cellular growth after GCV treatment in 
vitro, 12,1 7,25,40 although this effect cannot be reproduced 
in all pancreatic cancer derived cell lines. 1 U9 ~ 21, 40 A 
controversial issue is the transferral of in vitro data into in 
vivo applications, 34,41 SCID mice were used in order to 
obviate any immunological response to foreign cells. 
Before inoculation in mice, used RT-PCR to ascertain 
whether the new transduced TK gene was correctly 
translated into the corresponding mRNA. The results 
obtained indicate that all transduced lines expressed the 
suicide gene and should, therefore, be sensitive to GCV. 

All mice were i.p. inoculated with pLIL-2TKSN 
transduced and control cell lines. Nineteen mice were 
sacrificed after one week, before any treatment, to 
evaluate: (I) the starting tumour mass and its spread; and 
(2) any differences between transduced and control 
injected mice. No differences were observed, and this 
indicates that early in vivo growth and spread are not 
influenced by HSV-TK or by IL2, co-expressed by our 
vector. On considering the different pancreatic cancer 
cell lines, differences in tumour growth pattern clearly 
emerged just after one week: in all mice, the metastasis 
derived CAPAN-I line produced evident tumour 
nodules, while the primary line MIA PaCa 2 caused 
tumour onset in only a few mice (2/6). An intermediate 
pattern was observed when PANC-I cells were inocu- 
lated. The spleen was rapidly colonized by MIA PaCa 2 
(all mice) and PANC-I (3/7 mice), but not by CAPAN-I 
(1/6), which, however, rapidly colonized the liver (2/6 
mice). In all injected mice, the pancreas was metastases 
free. The above findings may have depended on different 
cell lines causing different tumour types due to their 
inherent characteristics: the high hepatic tropism in 
CAPAN-I cells may have depended on their human pre- 
selection, since they were isolated from liver metastases 
from pancreatic cancer. The high splenic tropism of MIA 
PaCa 2, and the high hepatic tropism of CAPAN-I cells 
were confirmed at the end of experiments considering 
control cells. Furthermore, the liver was targeted by MIA 
PaCa 2 cells while in no cases did PANC-I metastasize to 
the liver. The similarity between the CAPAN-I and MIA 
PaCa 2 metastatic patterns was further observed on 
considering pancreatic involvement at the end of the 
experimental protocol, which was recorded in none of 
the CAPAN-I injected mice, and in only 1/6 MIA PaCa 2 



injected mice, while it was the target in 50% of PANC-I 
injected mice. 

Interestingly, our pLIL-2TKSN vector modified 'per 
se' the behavior of MIA PaCa 2 and CAPAN- 1 transduced 
pancreatic cancer cell lines 30 days after i.p, inoculation: 
on comparing tumour growth and spread in mice 
inoculated with transduced pancreatic cancer cell lines 
and saline treated with patterns in mice inoculated with 
control cell lines, we found: (I) smaller tumour volumes 
in mice injected with transduced MIA PaCa 2 cells, unlike 
in transduced CAPAN-I injected mice; (2) increased 
pancreatic and decreased spleen metastases from 
transduced CAPAN-I, and diminished liver involvement 
from transduced MIA PaCa 2. No differences were found 
between mice inoculated with transduced and those 
inoculated with control PANC-I cell lines. Since these 
effects were correlated with the vector itself, rather than 
with the sensitivity conferred by it on GCV, the above 
effects probably depended on IL2. This cytokine is known 
to stimulate the specific immune response in immuno- 
competent animals, but it also causes non-specific 
activation of the macrophages as well as the natural 
killer cells, both of which are borne by SCID mice. 29 " 32 
Our results can be explained only in part by IL2 activation 
of these cells. If IL2 activation of macrophages and natural 
killer cells had an anti-neoplastic effect in SCID mice, all 
pLIL-2TKSN injected mice are expected to have smaller 
tumours and fewer metastases than control injected 
mice. As this was not the case, we believe that IL2 
probably acts directly in an autocrine manner on tumour 
cells, possibly evoking a different response depending on 
the tumour cell status, as suggested by other authors on 
analysing the effects of TGF-pl 42,43 This response 
pattern, however, does not seem to comprise cell 
growth, which was unaffected in vitro (Fig. 3). 

HSV-TK did not lead to cellular death after GCV 
treatment. None of the analysed parameters (tumour 
volume, liver, spleen and pancreatic metastases) were 
modified after GCV treatment in pLIL-2TKSN cell 
injected mice. The HSV-TK gene cannot, therefore, be 
considered a suicide gene for pancreatic cancer, probably 
because pancreatic cancer cells can escape the lethal 
consequences of GCV, possibly by rapidly metabolizing 
this compound. This pro-drug is, in fact, first phosphory- 
lated by the HSV-TK enzyme. The resultant GCV- 
monophosphate is subsequently converted by cellular 
kinases into the toxic GCV-triphosphate nucleotide, a 
substrate for DNA polymerase. Any alteration in cellular 
kinases, often found in tumour cells, might compromise 
GCV activation, and therefore, disable any HSV-TK 
suicide effect. 19 " 21 

In conclusion, in vivo suicide gene therapy with HSV- 
TK for pancreatic cancer has failed to meet expectations. 
A search should, therefore, be made for alternative 
therapeutic genes in the attempt to cure this disease. 
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Killer genes in pancreatic cancer therapy. 

Fogar P, Greco E, Basso I), Nayaglja F, PIcbmLM, Pedrazzoli.S. 

Department of Medical and Surgical Sciences, University-Hospital of 
Padova, Italy. 

This review describes: I. The main genetic alterations found in pancreatic 
cancer (EGF-R overexpression, SST-2 somatostatin receptor loss of 
expression, k-ras, p53 mutations and DPC4 mutations) and the effect of 
their replacements by gene therapy on tumor growth; 2. The use of suicide 
genes (HSV-TK and CD) for pancreatic cancer gene therapy in vitro and in 
vivo; 3. The implications for pancreatic cancer treatment when using 
cytotoxic bacterial toxins; 4. Viral and non-viral delivery systems for the 
transfer of therapeutical genes into pancreatic cancer cells. Overall both the 
correction of pancreatic cancer cells main genetic alterations and the use of 
suicide genes allow only partial tumor regression in vitro and in vivo. The 
lack of a 100% effect for any studied strategy considered alone, indicates the 
need for combined therapies to achieve a satisfactory treatment of this 
tumor. 
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Suicide gene therapy for urogenital cancer: current outcome 
and prospects. 

Nasu V, Kusaka N, Saika T, Tsushima T, Kumon.H. 

Department of Urology, Okayama University Medical School, Shikata, 
Okayama, Japan, ynasu@med.okayama-u.ac.jp 

Viral-mediated transfer of the herpes simplex virus thymidine kinase (HSV- 
tk) gene has been demonstrated by several investigators to confer sensitivity 
to nucleoside analogs such as ganciclovir (GCV) in a variety of tumor cells 
including brain, prostate, bladder, kidney, ovary, head and neck, lung, 
pancreas, and liver cancers. Fourteen suicide gene clinical protocols using 
adenovirus vectors have been conducted, including four in prostate cancer. 
Two additional protocols for prostate cancer arc in preparation in Japan and 
the Netherlands. A study conducted at Baylor College of Medicine was the 
first to demonstrate the safety of HSV-tk plus GCV therapy for human 
prostate cancer and the anticancer activity of gene therapy in this disease. 
However, it is still in the early stage of its development, with a number of 
problems to be overcome. Systemic delivery, specific introduction, and 
specific expression of the target gene are the major issues to be managed in 
order to establish a clinically relevant treatment strategy. 
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• Review 
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